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ABSTRACT
REGULATION OF ANTERIOR GENE EXPRESSION IN THE CAENORHABDITIS
ELEGANS EMBRYO
Jonathan Douglas Rumley
John Isaac Murray
Patterning of the anterior-posterior axis is fundamental to animal development. The Wnt
pathway plays a major role in this process by activating the expression of posterior genes
in animals from worms to humans. This observation raises the question of whether the
Wnt pathway or other regulators control the expression of the many anterior-expressed
genes. Using time-lapse laser confocal imaging of wild type and RNAi-treated C. elegans
embryos, we found that the expression of five anterior-specific genes depends on the Wnt
pathway effectors pop-1/TCF and sys-1/β-catenin. We focused further on one of these
anterior genes, ref-2/ZIC, a conserved transcription factor expressed in multiple anterior
lineages. Live imaging of ref-2 mutant embryos identified defects in cell division timing
and position in anterior lineages. Cis-regulatory dissection identified three ref-2
transcriptional enhancers, one of which is necessary and sufficient for anterior-specific
expression. This enhancer is activated by the T-box transcription factors TBX-37 and
TBX-38, and surprisingly, concatemerized TBX-37/38 binding sites are sufficient to
drive anterior-biased expression in a pop-1/TCF-dependent manner. Taken together, our
results demonstrate that TCF can regulate an early-expressed anterior-biased gene in the
C. elegans embryo through the binding site of another transcription factor.
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CHAPTER 1: INTRODUCTION: PATTERNING OF THE ANTERIOR-POSTERIOR
AXIS IN CAENORHABDITIS ELEGANS AND OTHER MODEL SYSTEMS
Patterning of the anterior-posterior axis is a crucial process in bilaterian animal
development. For it to occur properly cell-to-cell signals indicating cells’ positions along
the anterior-posterior axis must be sent, received, and interpreted properly, so that cells at
each position along the axis express genes required for them to adopt their proper fates. A
challenge in developmental genetics is to understand how these signals, which are
received by cells in a variety of contexts, are interpreted to induce the appropriate gene
expression programs in each cellular context.

In this chapter, I describe four cell signaling pathways that have important roles in
developmental fate patterning in order to highlight common features of cell signaling
pathways and, for Wnt, MAP kinase, and Notch pathways, to provide context for more
detailed discussion of the pathways in Caenorhabditis elegans. Next, I discuss the
regulation of anterior-posterior axis patterning. This section describes the regulation of
this patterning by the Wnt pathway and modulators of Wnt pathway activity. I also
briefly discuss the role of Hox factors in patterning section identity along the anteriorposterior axis. These factors cooperate with Wnt regulation of the anterior-posterior axis,
but function largely independently from Wnt. Next, I discuss the use of C. elegans as a
model organism for studying anterior-posterior axis patterning in the embryo and the role
that Wnt plays in regulating this patterning. I also describe how a variant of the MAP
kinase pathway, the Notch pathway, and lineage-specific transcription factors interact
with Wnt to regulate gene expression. Finally, I briefly discuss mechanisms that have
1

been identified for the regulation of “opposite” Wnt targets, which are expressed in cells
with the Wnt pathway off and repressed in cells with the Wnt pathway on. Regulation of
genes expressed in cells with the Wnt pathway inactive, especially in the context of
anterior-posterior axis patterning, has been the main focus of my thesis work.

Cell signaling pathways play major roles in regulating gene expression in
development and homeostasis

Cell signaling pathways regulate gene expression in a diverse array of cell types and
contexts across development and adult life. These pathways regulate both the activation
and repression of gene expression to ensure the proper specification of cell type in
various contexts. A few of these pathways are receptor tyrosine kinase (RTK)-Rasmitogen-activated protein kinase (MAP kinase) pathways, TGFβ family pathways, the
Notch signaling pathway, and the Wnt pathway.

Receptor tyrosine kinase-Ras-MAP kinase pathway

The RTK-Ras-MAP kinase pathways are a family of cell signaling pathways with diverse
roles in regulating development. The most well-studied version of this pathway is the
Ras-ERK pathway. This pathway is activated by epidermal growth factor (EGF) binding
to the epidermal growth factor receptor (EGFR), an RTK. Upon binding of its ligand,
EGFR autophosphorylates and recruits the adaptor protein Grb2, and the guanine
nucleotide exchange factor Sos. The localization of Sos to the membrane results in the
2

GTPase Ras exchanging its bound guanosine diphosphate (GDP) for guanosine
triphosphate (GTP). Ras binding to GTP results in its binding to the serine/threonine
kinase C-Raf (MAP-kinase-kinase-kinase – MAP3K), which becomes phosphorylated. CRaf then phosphorylates the dual-specificity kinase MEK (MAP-kinase-kinase –
MAP2K). MEK then phosphorylates the serine/threonine kinase ERK (MAP kinase –
MAPK). ERK dimerizes and translocates to the nucleus, where it phosphorylates
transcription factors that activate expression of genes necessary for cell proliferation
(Gomperts et al., 2009a). Fibroblast growth factor (FGF) activates the Ras-MAP kinase
signaling pathway in many developmental contexts either to oppose or to synergize with
the effects of signaling by members of the TGFβ family of signaling peptides. These
interactions are discussed in more detail below.

TGFβ family pathways

The TGFβ ligands are a diverse set of secreted dimeric signaling molecules that signal by
binding to complexes of serine-threonine receptor kinases composed of two type I and
two type II TGFβ receptors. Ligand binding induces autophosphorylation of the
receptors, followed by receptor-mediated phosphorylation of a receptor-regulated SMAD
(R-SMAD). Following phosphorylation, the R-SMAD binds the common mediator
SMAD4 in a trimer composed of two units of an R-SMAD and one unit of SMAD4. This
trimer translocates to the nucleus, where it functions as either a transcription activator or
repressor. One of the major effects of TGFβ signaling is the inhibition of cell
proliferation (Gomperts et al., 2009b).
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In C. elegans the TGFβ pathway is important for regulating dauer larva formation. When
the TGFβ pathway is inactive, larvae are signaled to enter dauer at the end of the L1
larval stage (Gomperts et al., 2009b).

TGFβ family ligands, including the bone morphogenetic protein (BMP) subfamily, have
roles in regulating development in many contexts. In many cases, TGFβ family ligands
function either in opposition to or synergistically with fibroblast growth factors (FGFs)
(Gomperts et al., 2009b; Schliermann and Nickel, 2018).

Interaction between the TGFβ/BMP and FGF pathways

In mammals, at the blastocyst stage, pluripotency factors Oct4 and Nanog within the
inner cell mass (ICM) induce FGF4 expression to increase the activation of FGFR2mediated MAPK signaling, leading to the ICM’s separation into the epiblast, which
expresses Nanog and FGF4, and the primitive endoderm, which expresses FGFR2 and its
downstream target Gata6, a Nanog suppressor. The epiblast gives rise to the three germ
layers. At the posterior end of the epiblast is the primitive streak, which gives rise to the
mesendoderm, and expresses Wnt3, Brachyury, and the TGFβ family member Nodal
(Parfitt and Shen, 2014; Schliermann and Nickel, 2018).

FGF and TGFβ/BMP signaling are involved in the specification of all three major axes of
the vertebrate embryo (i.e. anterior-posterior, dorsal-ventral, and left-right). For the
4

specification of the anterior-posterior axis, extraembryonic BMP2/4 signaling through the
type I receptor BMPRIA helps to determine the posterior primitive streak within the
embryonal tissue. The primitive streak expresses Nodal. Regions of the primitive streak
with high Nodal levels are specified as endoderm, and those with medium Nodal levels
that also exhibit FGF8/FGFR1 signaling are specified as mesoderm. During the
separation of the anterior-posterior axis into individual germ layers, FGFs drive posterior
fate, along with Wnt and retinoid acid (Schliermann and Nickel, 2018).

In Xenopus laevis, at the early gastrula stage, BMP expressed from the ventral side of the
embryo specifies the ectoderm to a dermal fate. On the dorsal side of the embryo, at the
mesodermal marginal zone, Wnt induces the expression of secreted FGFs which oppose
the effects of BMP to specify the dorsal ectoderm to neuroectoderm fate. FGF, signaling
through FGFR, signals both the inactivation of the downstream effector transcription
factor of BMP signaling, SMAD1, and the induction of neural fate. FGF binding to its
receptor activates the Ras-Erk pathway. Erk phosphorylates SMAD1, thereby creating a
binding site for Smurf, an E3 ubiquitin ligase. Smurf ubiquitylates SMAD1, which
signals its degradation by the proteasome. Activation of the Ras-Erk pathway also
induces the expression of neuronal fate genes. Additionally, FGFs repress the expression
of BMP and increase the expression of secreted BMP traps Chordin and Noggin, which
sequester BMP ligands, thereby preventing them from interacting with their receptors
(Gomperts et al., 2009b; Schliermann and Nickel, 2018).

5

In vertebrates, left-right axis polarity is primarily determined by antagonism between the
TGFβ family signaling ligands Nodal on the left and Lefty 1 and 2 on the right, but
BMPs and FGFs are also involved in the early steps of left-right axis formation, including
the regulation of Nodal expression (Dorey and Amaya, 2010; Schliermann and Nickel,
2018; Tuazon and Mullins, 2015).

Other than embryonic axis patterning, BMP and FGF pathways are involved in
vertebrate limb bud development and cranial development. More specifically, BMP and
FGF pathways regulate the development of several tissues, most notably bone and
cartilage. The outgrowth of limb buds is driven by FGFs, including FGF8, FGF4, and
FGF17, and the BMP inhibitor Gremlin-1. Outside of the limb bud BMPs, including
BMPs 2, 4, and 7 are expressed and signal through BMPRIA to limit FGF signaling and
limb bud outgrowth. Limb bone formation involves the BMP and FGF pathways at
various steps. In some contexts the interactions between these pathways are antagonistic
and in other contexts they are synergistic. For example, chondrocyte differentiation and
proliferation are promoted by BMPs, especially BMPs 2 and 4, and FGFs, largely acting
through FGFR3, inhibit these processes. This antagonistic interaction is mediated in part
by their having opposing effects on the regulation of Sox9, an inducer and stabilizer of
chondrocyte differentiation, and by their negatively influencing each other’s expression
levels. In the later steps of limb bone formation of chondrocyte hypertrophy and
osteoblast differentiation, BMPs and FGFs function synergistically. In this context, TGFβ
activates SMADs 2 and 3, which inhibits the function of the bone differentiation
transcription factor Runx2, thereby preventing chondrocyte hypertrophy. On the other
6

hand, BMP, particularly BMPs 2 and 6, activate SMADs 1, 5, and 8, and, thereby,
promote chondrocyte hypertrophy. In particular, BMPs and FGFs cooperate to increase
the expression of Runx2, induce the translocation of Runx2 to the nucleus, and also
increase the expression of each other's signal cascade components. These pathways
function similarly in the portions of the skull that develop by endochondral ossification.
Other tissues in which BMP and FGF signaling function to regulate development are
teeth, eyes, skin, central nervous system, kidneys, heart, lung, and gut (Basson, 2012;
Berendsen and Olsen, 2015; Norrie et al., 2014; Schliermann and Nickel, 2018;
Verheyden and Sun, 2008).

Notch pathway

The Notch pathway is signaled by one cell to a neighboring cell. The sending cell bears
the ligand (Delta or Serrate) on its plasma membrane and the receiving cell bears the
Notch receptor. Both ligand and receptor are one-pass transmembrane proteins. The
binding of the ligand to the Notch receptor results in a metalloprotease (either ADAM10
or ADAM17) cleaving site S2 in the extracellular portion of Notch. This is followed by a
second cleavage by γ-secretase at site S3 in the transmembrane portion of the Notch
receptor. Following this cleavage, the Notch intracellular domain translocates to the
nucleus, where it binds to the transcription factor CSL and recruits the transcriptional
coactivator mastermind, which causes the expulsion of transcriptional repressors
associated with CSL. This complex recruits nucleosome acetylation factors CBP or p300
and drives the expression of target genes. Some of the most well-studied target genes are
7

Enhancer of Split (E(spl)) in Drosophila and Hes and Hey in mammals. E(spl) and Hes
and Hey form homo- or heterodimers and recruit transcriptional repressors, including
Groucho and the histone deacetylase SIRT1, thereby repressing the expression of their
target genes. The most well studied of these target genes in Drosophila are achaete and
scute. Repression of these genes inhibits neuronal differentiation, ensuring that only the
proper number of precursor cells take on neuronal fate (Gomperts et al., 2009c).

Notch signaling pathway in development and homeostasis

In Drosophila Notch regulates the development of mechanoreceptors, including
macrochaetes and microchaetes, that form on the dorsal thorax and wing during
metamorphosis. During this process, all cells in a proneuronal cluster express both Notch
and Delta. Over time fewer and fewer cells induce the Notch pathway in surrounding
cells more strongly than it is induced in themselves until only one cell remains that has
induced the Notch pathway in all of its surrounding cells, but only has the Notch pathway
active weakly in itself. In all cells with the highly active Notch pathway, expression of
achaete and scute is repressed, and sensory organ fate is inhibited. In the cell with the
weakly active Notch pathway, achaete and scute are highly expressed. This cell, called
the sensory organ precursor (SOP), gives rise to all of the cells in the mechanoreceptor
(Gomperts et al., 2009c).

The Notch pathway represses differentiation and promotes proliferation in many
contexts. In vertebrates, the Notch pathway regulates the maintenance of the
8

undifferentiated state of stem cells and early progenitor cells in the intestinal crypt. In this
context, Notch functions in conjunction with the Wnt pathway to maintain the
undifferentiated proliferating state of these cells. The Notch pathway is also important for
determining the fates of later progenitor cells and ensuring the proper proportions of
differentiated cell types in the intestine. In the WT state, cells fated to the secretory
goblet fate signal to neighboring progenitors to maintain the activity of the Notch
pathway, and, thus, specify them as enterocyte progenitors. While in the crypt, enterocyte
progenitors keep the Notch pathway active, and, thus, maintain an undifferentiated,
proliferative state. As the cells are forced up the walls of the villus, the Notch pathway is
shut off, and the cells undergo cell cycle arrest and adopt their differentiated absorptive
enterocyte state. In mutants with a loss in Notch pathway activity, an excess of secretory
goblet and Paneth cells are produced at the expense of absorptive enterocytes. In mutants
with a gain in Notch pathway activity, an excess of immature absorptive enterocytes is
produced at the expense of secretory cells. Additionally, these immature enterocytes may
still divide beyond the boundary of the crypt. In adenomas in mice with a mutation in
APC that leads to an overactivation of the Wnt pathway in intestinal crypt cells, the
proliferative cells also have the Notch pathway active. In this context, the Notch pathway
also contributes to the proliferative state of the adenoma cells, such that when the mice
were fed an inhibitor of γ-secretase, many of the crypts reverted to a fairly normal
histology with many differentiated goblet cells (Gomperts et al., 2009c).

9

Notch interactions with other signaling pathways

The Notch intracellular domain also interacts with components of TGFβ family signaling
pathways, forming a complex with CSL, an R-SMAD and the common mediator SMAD4
to drive the expression of either Hes1 or Hey1. Depending on the context, the effect is
either to prevent differentiation or repress motility (Gomperts et al., 2009c).

In late larval development in C. elegans, the Notch and Ras-MAP kinase signaling
pathways work in concert to regulate vulval development. EGF secreted from the anchor
cell induces Ras-MAP kinase pathway activity in cell P6.p to specify it for the first vulval
fate. The first vulval fate must be limited to P6.p, but its neighboring cells P5.p and P7.p
may also have the Ras-MAP kinase pathway activated. The Ras-MAP kinase pathway
drives the expression of Notch ligands in P6.p. Thus, P6.p signals to P5.p and P7.p to
activate the Notch pathway. The Notch pathway blocks EGFR signaling in the P5.p and
P7.p cells, thereby preventing them from taking on the first vulval fate. The Ras-MAP
kinase pathway also represses the expression of the Notch receptor in P6.p, thereby
preventing P5.p and P7.p from signaling back to P6.p and repressing the first vulval fate
in P6.p (Gomperts et al., 2009a, 2009c).

Wnt pathway

The Wnt pathway functions in several contexts to regulate cell specification and
differentiation. In many cases, the Wnt pathway promotes an undifferentiated,
10

proliferative state, while cells with the Wnt pathway inactive are programmed to
differentiate and, in many cases, exit the cell cycle within a few cell divisions. The
mechanisms by which the Wnt pathway activates gene expression have been well
studied. Similarly, it is well-understood how Wnt pathway components repress target
expression in cells with inactive Wnt (Gomperts et al., 2009d). In contrast, how and
whether the Wnt pathway directly regulates targets expressed only in cells not exposed to
Wnt is less well studied.

The Wnt pathway is activated by Wnt ligands binding to their receptors at the cell
membrane. The receptor is composed of the seven-pass transmembrane receptor Frizzled
and the one-pass transmembrane receptor LRP5/6. The binding of a Wnt ligand to its
receptor leads to the inactivation of the β-catenin destruction complex and the
localization of the complex to the intracellular portion of the receptor. This complex,
which includes Axin, APC, and GSK3, phosphorylates β-catenin, which marks it for
ubiquitylation and subsequent degradation by the proteasome. The deactivation of this
complex allows β-catenin levels to increase in the cell and for β-catenin to translocate to
the nucleus, where it interacts with the transcription factor TCF. The β-catenin-TCF
complex activates the expression of its target genes. In the absence of β-catenin binding,
TCF associates with repressive co-regulators, including Groucho, thereby inhibiting
target gene expression (Gomperts et al., 2009d).

β-catenin has three possible fates at three sites in the cell. The first is at the cell
membrane in association with α-catenin and E-cadherin and functions in cell-to-cell
11

adhesion. The second is in the cytoplasm, where it is phosphorylated by the Axin-APC
destruction complex, which signals its ubiquitylation and degradation by the proteasome.
The third is in the nucleus, where it associates with TCF to regulate gene expression. βcatenin is constantly produced by the cell. When the Wnt pathway is inactive, it is
localized to the membrane, where it performs its function in cell-to-cell adhesion. Excess
β-catenin is signaled for degradation by the Axin-APC destruction complex. When the
Wnt pathway is active, the destruction complex is inactivated by interacting with
Disheveled (Dsh), allowing β-catenin levels to accumulate. The cytoplasmic β-catenin
then translocates to the nucleus, where it interacts with TCF to regulate gene expression
(Figure 2) (Gomperts et al., 2009d).

Selected contexts in which the Wnt pathway functions

Three well-studied contexts in which the Wnt pathway functions are in Drosophila wing
development, stem cell niches, and anterior-posterior axis patterning (Gomperts et al.,
2009d). I discuss the last of the contexts in a later section.

Drosophila wing development

In the wing pouch of the wing imaginal disc of the Drosophila second instar larva,
Wingless/Wnt patterns the dorsal-ventral axis. The expression of the LIM-homeodomain
protein Apterous in dorsal cells distinguishes dorsal cells from ventral cells. Apterous
drives the expression of the Notch ligand Serrate. Serrate-bearing cells along the border
12

of the dorsal and ventral domains signal to neighboring cells in the ventral domain and
activate expression of Wingless in a Notch-dependent manner. Wingless secreted by the
cells along the dorsal-ventral border forms symmetrical gradients in both the dorsal and
ventral directions, inducing the expression of different target genes along the gradient.
Cells adjacent to cells secreting Wingless, which are exposed to a very high concentration
of Wingless, arrest the cell cycle and activate the expression of the neuronal
differentiation genes Achaete and Scute. Cells more distal to the source of Wingless are
exposed to a moderate concentration of Wingless and activate the expression of Distalless and vestigial and are signaled to proliferate. Cells even more distal to the source of
Wingless are exposed to a low concentration of Wingless, and fail to activate the
expression of Distal-less, but do activate the expression of vestigial. These cells are also
signaled to proliferate. The size of the Achaete, Scute, Distal-less, and vestigial
expression domains has been shown to be dependent on the strength of the Wingless
signal. Ectopic activation of the Wingless pathway leads to ectopic expression of Achaete
and Scute and an extension of the Distal-less expression domain. Loss of Wingless
pathway activity leads to a loss of Achaete and Scute expression and a narrowing of the
Distal-less and vestigial expression domains (Baena-Lopez et al., 2012; Milán, 1998;
Neumann and Cohen, 1997).

Stem cell niche

In several stem cell niches Wnt signaling is vital for the maintenance of the stem cell
state. A few well-studied stem cell niches in which Wnt signaling plays this role are the
13

intestinal crypt, mammalian hair follicles, and in the bone marrow for the maintenance of
hematopoietic stem cells. In the crypts of the small intestine active Wnt signaling induces
proliferation and the maintenance of stem cell identity. Wnt ligands are secreted from
fibroblasts in the mesenchymal tissue adjacent to the crypts. Signaling to the intestinal
crypt stem cells results in their activating the expression of β-catenin/TCF-4-dependent
expression of Ephrin-B receptors and inhibiting their ligands, B-type ephrins. This
activity results in the production of two opposing gradients: one of Ephrin-B receptors
and one of B-type ephrins. Receptor levels are high in the crypt and ligand levels are high
in the villus. The ligand exerts a repulsive effect on receptor-expressing cells, ensuring
that the receptor-expressing cells, including mitotic stem cells and Paneth cells, stay
localized to the crypt; whereas the ligand-expressing cells localize to the villus. Wnt
signaling ensures the maintenance of the mitotic stem cells. As progenitor cells
differentiate, they become insensitive to the Wnt signal and deactivate the Wnt pathway.
Progenitors committed to absorptive epithelial fate (enterocytes), enteroendocrine cells,
and goblet cells, lose receptor expression and migrate to the villus. Paneth cells, however,
although insensitive to the Wnt pathway, express high levels of the Ephrin-B receptor,
and remain non-proliferative differentiated cells in the crypt. The necessity of the Wnt
pathway for maintenance of the mitotic stem cell population in the intestinal crypt has
been demonstrated by experiments that have shown that mice deficient in TCF-4 lack
crypt progenitors and that mice with transgenic overexpression of Dickkopf show loss of
crypts (Gomperts et al., 2009d).
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Wnt pathway in disease

Since the Wnt pathway is vital to so many development and homeostatic processes, Wnt
pathway misregulation is associated with disease, particularly cancer. Potentially
oncogenic mutations in Wnt pathway components and their interactors occur in β-catenin,
Axin, APC (adenomatous polyposis coli), and E-cadherin (interacts with β-catenin at the
plasma membrane in cell-to-cell adhesions). The mechanisms by which these mutations
lead to cancer include preventing β-catenin degradation or membrane localization. This
results in either an increase in the amount of free β-catenin, which can interact with TCF
in the nucleus, or an enhancement in the transcriptional activation activity of β-catenin.
The overall effect is to increase cell proliferation and cell invasion of other tissues
(Gomperts et al., 2009d).

The tumor suppressor APC, in particular, is commonly mutated in familial adenomatous
polyposis (FAP) and sporadic colorectal cancers in human patients. The majority of
mutations that cause FAP result in truncations of the APC protein. Truncation of APC
results in the loss of its normal function in regulating the degradation of β-catenin, thus
leading to elevated levels of β-catenin. Increased β-catenin levels result in increased
expression of its targets, including c-myc, which results in increased cell proliferation,
thereby leading to cancer (Half et al., 2009).
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Wnt pathway interactions with other signaling pathways

The Wnt pathway interacts with other signaling pathways in many contexts. The Wnt
pathway interacts with the TGFβ signaling pathway such that in the absence of TGFβ
signaling, SMAD4 forms a complex with β-catenin and TCF to induce the expression of
c-myc and claudin-1, a component of tight junctions. In the early Xenopus embryo in the
presence of TGFβ signaling, SMADS 3 and 4 interact with β-catenin and TCF to drive
the expression of the homeobox gene Xtwn. Xtwn drives the transformation of dorsal
mesoderm to form the Spemann organizer (Gomperts et al., 2009b).

Wnt pathway components also interact with the Notch pathway. In Drosophila, the Notch
receptor has been shown to directly interact with components of the Wnt pathway
Disheveled and Armadillo/β-catenin. In this context Notch antagonizes the Wnt pathway
by sequestering these Wnt pathway components. The antagonism is not strong enough to
inhibit the effects of a strong Wnt signal, but it may act as a buffer to reduce noise
produced by weaker signals (Gomperts et al., 2009c).

The Wnt pathway also interacts with MAP kinase-like pathways, which is discussed
below.
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Common features of cell signaling pathways

The preceding descriptions of the RTK-Ras-MAP kinase, TGFβ family, Notch, and Wnt
signaling pathways demonstrate several features commonly found in cell signaling
pathways. Signaling pathways are activated by ligand-receptor binding. Ligands may
either be secreted proteins or proteins bound to the membrane of an adjacent cell. In the
case of secreted ligands, it is common for antagonists of those ligands to also be secreted
in order to control the level of signaling pathway activity. Another common feature seen
in all of the described pathways is that activation of the pathways modulates the activity
of transcription factors to cause them to activate the expression of target genes. Signaling
pathways also commonly interact with one another, sometimes they synergize each other,
and in other contexts they oppose one another. These interactions may either be directly
between components of the signaling pathways or indirectly, by affecting the same
downstream processes. The modification of signaling components by phosphorylation to
induce a change in activity is also a common feature. Additionally, each of the cell
signaling pathways is used in various contexts in development and homeostasis.

Three more common features of signaling pathways classically reviewed by Barolo and
Posakony are activator insufficiency, cooperative activation, and default repression.
Activator insufficiency is the inability of signal-independent transcriptional activators to
activate gene expression without the aid of signal-dependent transcriptional activators.
Cooperative activation is the requirement for the cooperation of signal-dependent and
signal-independent transcriptional activators for the activation of target genes. Default
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repression is the characteristic of signal-dependent transcription factors whereby in the
absence of a signal they repress gene expression by default. These three common features
are found in various contexts where each of the four cell signaling pathways regulate
gene expression, but there are exceptions to these rules. Above, I have described default
repression for Notch and Wnt pathways. Below I will describe examples that demonstrate
activator insufficiency and cooperative activation in Wnt pathway target regulation
(Barolo and Posakony, 2002).

Anterior-posterior axis patterning

Patterning of the anterior-posterior axis is a vital process in embryonic development. The
Wnt pathway plays a crucial role in this process in animals from nematodes to humans.
Wnt ligands are secreted from the posterior end of the embryo in nematodes and
deuterostomes. Cells receiving the Wnt signal are specified for posterior fate. The Wnt
activity is opposed by Wnt pathway antagonists secreted from the anterior of the embryo.
These Wnt antagonists prevent anterior cells from activating the Wnt pathway, thereby
allowing them to be specified for anterior fate. Parallel to Wnt regulation is the regulation
of positional identity along the anterior-posterior axis mediated by homeobox (Hox)
transcription factors. In this section I discuss the roles that each of these factors play in
anterior-posterior axis specification.
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Wnt functions in anterior-posterior axis patterning

The Wnt pathway functions to regulate anterior-posterior axis patterning across bilaterian
animals from worms to humans. Posteriorly-sourced Wnt signals activate genes that
specify posterior fates (referred to here as “posterior genes” for simplicity) and repress
genes that specify anterior fates (“anterior genes”). Cells that do not receive the Wnt
signal instead activate anterior genes and repress posterior genes. In vertebrate embryos
the Wnt pathway is activated in a gradient, with the highest level of Wnt pathway activity
in the posterior of the embryo, the lowest level in the anterior, and intermediate levels of
activity in between, increasing from the anterior to the posterior of the embryo (Hikasa
and Sokol, 2013). In other systems, including the C. elegans embryo, the Wnt pathway is
activated in a binary fashion following most cell divisions of the embryo, most of which
occur oriented along the anterior-posterior axis. Following each of these cell divisions,
the more posterior daughter cell has the Wnt pathway active, and the more anterior
daughter cell has the Wnt pathway inactive. A similar mode of regulation occurs in stem
cell niches in other systems. In these cases, following the division of a stem cell, the
daughter that is closer to the source of Wnt ligand in the niche keeps the Wnt pathway
active and retains stem cell identity, while the daughter cell that is farther away from the
source of Wnt ligand is fated for differentiation (Habib et al., 2013).

The importance of the Wnt pathway in patterning the anterior-posterior axis is
highlighted by the developmental phenotypes observed in mutant animals that have
altered Wnt pathway activity. Mutations that cause a decrease in Wnt pathway activity
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result in anteriorization of the embryo, such that posterior structures are reduced or lost.
For example, zebrafish embryos injected with morpholinos against either Wnt3a or Wnt8
mRNA exhibit a twisted or truncated tail and an enlarged head (Shimizu et al., 2005).
Mutations that cause an increase in Wnt pathway activity result in posteriorization of the
embryo, such that anterior structures are reduced or lost. For example, Xenopus embryos
that overexpress β-catenin fail to form a head (Hamilton et al., 2001). Also, zebrafish
embryos with loss of function mutations in Tcf3, which specializes in repressing Wnt
target genes, lack eyes, forebrain, and part of the midbrain (Kim et al., 2000).

Wnt pathway antagonists permit anterior fate specification

Since the anterior-posterior axis is regulated by the Wnt pathway induced by posteriorlyderived Wnt ligands, the repression of Wnt pathway activity in anterior cells is vital in
ensuring that they properly adopt anterior fates. To ensure that anterior cells do not
activate the Wnt pathway, a collection of Wnt pathway antagonists are secreted from the
anterior end of the embryo. These antagonists include secreted Frizzled-related proteins
(sFRPs), Cerberus/Dan family proteins, and Dickkopf. In vertebrates these Wnt
antagonists form an “anti-Wnt” gradient with high levels in the anterior and low levels in
the posterior of the embryo. sFRPs and Cerberus/Dan family proteins function to
sequester Wnt ligands in extracellular space in order to prevent their binding to their
receptors. Dickkopf functions by binding the Wnt co-receptor LRP5/6 and the receptor
Kremen, forming a trimer that is subsequently endocytosed, leading to the degradation of
LRP5/6 (Figure 3) (Velloso et al., 2021). The functional importance of the Wnt pathway
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antagonism mediated by these factors is demonstrated by the loss of anterior structures in
animals that lose function of these Wnt antagonists and by the overgrowth of anterior
structures in animals that have a gain in their function. For example, in the zebrafish
embryo, the sFRP Tlc is required as an antagonist of Wnt8b for telencephalon (forebrain)
morphogenesis. When tlc translation is inhibited by morpholino injection, the forebrain
structures and eyes are reduced, similar to what is observed in wnt8b overexpressing
embryos (Houart et al., 2002). In the Xenopus embryo Cerberus, which is secreted from
the anterior endomesoderm, sequesters Wnt, BMP, and Nodal, and is necessary for
proper head formation, as Cerberus morpholino injection into the two dorsal-vegetal
blastomeres of the 4-8 cell stage embryo causes a reduction in primary head and eyes
(Belo et al., 2009; Shawlot William et al., 1998). Additionally, injection of Cerberus
mRNA into the ventral blastomeres of Xenopus embryos is sufficient to induce the
formation of a second head. It is from this ability that Cerberus gets its name (Belo et al.,
2009). In the amphioxus larva, Dickkopf3 is required for proper head and CNS
development. Knockdown of Dickkopf3 by morpholino injection causes an anterior
truncation of the head and CNS, which is a similar phenotype to that observed when the
Wnt pathway is ectopically activated (Onai et al., 2012). In the zebrafish embryo,
Dickkopf1 mRNA injection causes an enlargement of the forebrain and eyes and a loss of
posterior structures, including a partial or complete loss of the tail (Hashimoto et al.,
2000).
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Anterior-posterior axis and anterior-posterior position identity

Although the Wnt pathway is vital for patterning the anterior-posterior axis, in most
bilaterians it does not play a major role in specifying position identity along the anteriorposterior axis (Onai et al., 2009). This process is regulated in large part by homeobox
(Hox) transcription factors. The Hox factors are highly conserved across all bilateria,
present in a highly conserved cluster, and are generally ordered colinearly with the
position along the anterior-posterior axis at which they are expressed (Hajirnis and
Mishra, 2021; Hombría et al., 2021; Mallo et al., 2010). The Hox factors comprise nine
groups in extant bilaterians. Groups 1 and 2 are anterior Hox factors, Group 3 factors are
expressed posterior to Group 2, Groups 4 through 8 are central Hox factors, and the
AbdB-like group is composed of posterior Hox factors (Hombría et al., 2021). These
factors are expressed sequentially starting at the mid- to hindbrain and continuing to the
posterior end of the animal. The combination of the expression of different Hox factors,
as well as the expression level of each factor at different points along the anteriorposterior axis specifies positional identities of cells. The importance of the proper
expression of Hox genes for position identity has been classically demonstrated in
Drosophila, in which changes to the expression of Hox genes result in body segments
taking on the identities of other segments (Hajirnis and Mishra, 2021; Hombría et al.,
2021). Although the roles of the Hox factors and the Wnt pathway complement each
other in the patterning of the anterior-posterior axis, in general they do not regulate each
other directly (Onai et al., 2009). In Xenopus, however, the central and posterior Hox
factors Hoxa7 and Hoxb9, involved in trunk and tail patterning, respectively, are
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positively regulated by the Wnt and FGF target Xcad3 (Carron and Shi, 2016). Also, in
the C. elegans embryo, nearly every cell division is patterned by the Wnt/β-catenin
asymmetry pathway, thus there are several examples of Hox genes being regulated by the
Wnt pathway (Zacharias et al., 2015), and in the C. elegans larva, mab-5, a Hox groups
6-8 homolog, is a direct target of the EGL-20/Wnt-BAR-1/β-catenin pathway (Josephson
et al., 2016). Since, however, the Hox factors and the Wnt pathway generally do not
directly regulate one another, while ectopic Wnt pathway activity results in a loss of head
and forebrain structures, it has little effect on the expression of Hox genes or on the
structures of the trunk (Onai et al., 2009). In chordates, Hox gene expression is largely
regulated by retinoic acid signaling, mediated by nuclear receptors. Typically, the highest
concentration of retinoic acid is in the center of the anterior-posterior axis. If embryos are
exposed to exogenous retinoic acid, the expression domains of Hox genes shift anteriorly,
and if retinoic acid is blocked by an inhibitor (BMS009), their expression domains are
shifted posteriorly (Ghyselinck and Duester, 2019; Onai et al., 2009). Thus, the Wnt
pathway and Hox factors play vital, complementary roles in regulating anterior-posterior
axis patterning.

The C. elegans embryo as a model for anterior-posterior axis patterning

The C. elegans embryo is a great model for anterior-posterior axis patterning.
Characteristics that make the C. elegans embryo an excellent model for this study include
its invariant lineage, genetic tractability, fast embryonic development, fast generation
time, and transparency. The well-characterized invariant lineage of the C. elegans
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embryo is a great advantage, since the WT fate of every cell produced in the embryo is
known with a high degree of certainty. Thus, genetic manipulations resulting in fate
changes can be more easily tracked in C. elegans than in other model organisms (Sulston
et al., 1983). Additionally, as mentioned above, in the C. elegans embryo nearly every
cell division is oriented along the anterior-posterior axis and is patterned by the Wnt
pathway. Because of its genetic tractability, genetic alterations can easily be made and
studied (LARMINIE and JOHNSTONE, 1996). The fast embryonic development of C.
elegans (14 hours from fertilization to hatching) allows us to track development and
developmental phenotypes resulting from genetic manipulations very efficiently (Sulston
et al., 1983). Its fast generation time (2.5 days from fertilization to reproductive maturity)
allows the performance of genetic crosses and the propagation of strains at short time
scales (Byerly et al., 1976). The transparency of the C. elegans embryo makes it highly
amenable to the use of fluorescent proteins to report on the expression patterns of genes
of interest (Martinelli et al., 1997). This characteristic is especially important for my
work, since it allows me to image embryos expressing fluorescent reporters at high
temporal resolution in order to track reporter expression across time (Murray et al.,
2008). Because of all of these characteristics, I used the C. elegans embryo as a model
system for the study of anterior-posterior axis patterning. In the remainder of this section,
I discuss in more detail how the Wnt pathway regulates anterior-posterior axis patterning
in the C. elegans embryo.
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C. elegans has four homologs of β-catenin

A major difference between the Wnt pathway in C. elegans and in other animals is that
most animals have a single homolog of β-catenin in their genome. This single β-catenin
functions both in cell-to-cell adhesion and in transcriptional co-regulation. In C. elegans,
however, the functions of β-catenin are divided among four specialized homologs of βcatenin. The cell-to-cell adhesion function is carried out by HMP-2. The association with
the single C. elegans homolog of TCF, POP-1, and regulation of gene expression
function is performed by SYS-1 and BAR-1 depending on the cell type and stage of
development. A fourth β-catenin homolog WRM-1 binds to POP-1 in the nucleus in
complex with the Nemo-like kinase LIT-1 when the Wnt signaling pathway is activated.
LIT-1 then phosphorylates POP-1, which signals its export from the nucleus by 14-3-3
homolog PAR-5. LIT-1 regulation of POP-1 nuclear levels is discussed further below.
WRM-1 is not able to bind POP-1 that is bound to SYS-1, so a portion of the POP-1
remains in the nucleus. The reduction of the nuclear levels of POP-1 makes it more
stoichiometrically favorable for POP-1 to bind its target sites in complex with SYS-1
than for POP-1 not in complex with SYS-1 to bind these sites, thus reinforcing Wnt target
transcription activation (Jackson and Eisenmann, 2012; Robertson and Lin, 2012;
Rocheleau et al., 1999; Yang Xiao-Dong et al., 2015).
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Wnt pathway regulation of the anterior-posterior axis in C. elegans

The mode of Wnt regulation that regulates anterior-posterior axis patterning in the C.
elegans embryo is known as the “Wnt-β-catenin asymmetry pathway.” In this pathway,
the posteriorly sourced Wnt signal mediated by MOM-2/Wnt first promotes the
localization of MOM-5/Fzl, MIG-5/Dsh, and DSH-2/Dsh to the posterior portion of the
signaled cell. Dsh signals the restriction of Axin and APC to the anterior cortex. After
cell division, in the anterior cell, one population of Axin and APC functions in the
destruction complex to phosphorylate and signal the degradation of SYS-1/β-catenin.
Another population functions to stabilize microtubules and localize WRM-1/β-catenin to
the cell cortex. Together these populations of Axin and APC keep nuclear concentrations
of SYS-1 and WRM-1 low, thereby maintaining high levels of POP-1 not bound to βcatenin in the nucleus of the anterior daughter cell. Conversely, the depletion of Axin and
APC from the posterior daughter cell results in the accumulation of SYS-1 and the
nuclear accumulation of WRM-1. Nuclear accumulation of WRM-1 in complex with
LIT-1/Nlk results in nuclear export of POP-1, and, thus, low nuclear levels of POP-1. The
concomitant accumulation of SYS-1 results in most of the remaining nuclear POP-1
being bound in complex with SYS-1, and, thus, driving the expression of posteriorlyexpressed Wnt-activated target genes (Figure 2). This differential state of Wnt pathway
activity between daughter cells occurs following nearly every cell division in the embryo
starting at the 8-cell stage, the majority of which are oriented along the anterior-posterior
axis. Therefore, each cell descended from each 8-cell stage blastomere has a unique
history of anterior-posterior-oriented divisions and activation states of the Wnt pathway.
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These unique histories are vital for cells to adopt their proper fates (Eisenmann, 2005;
Lam and Phillips, 2017).

LIT-1/Nlk modulation of the Wnt-β-catenin asymmetry pathway

A MAP kinase-like pathway functions in conjunction with the Wnt-β-catenin asymmetry
pathway in C. elegans. In this pathway, upon binding of MOM-2/Wnt to the MOM5/Frizzled receptor, the MAP3K MOM-4/TAK1 is activated and associates with the
binding protein TAP-1/TAB1, which phosphorylates the MAPK-like LIT-1/Nlk at
threonine-220 in an activation loop-like motif. The activated LIT-1 in a complex with
WRM-1/β-catenin translocates to the nucleus to phosphorylate POP-1/TCF. The
phosphorylation of POP-1 creates a binding site for PAR-5/14-3-3, which facilitates its
translocation to the cytoplasm (Eisenmann, 2005; Rocheleau et al., 1999; Yang XiaoDong et al., 2015).

Interaction between the TAK1-Nlk pathway and the Wnt pathway is conserved between
C. elegans and vertebrates. In vertebrates signaling from Wnt-5a acting through the
receptor Frizzled-2 causes an increase in intracellular Ca2+, which activates
Ca2+/calmodulin-dependent kinase II (CaMKII). CaMKII activates TAK1, although it is
unclear whether this activation is mediated by direct phosphorylation of TAK1 by
CaMKII. TAK1, in association with TAB1, phosphorylates and activates Nlk. Nlk
phosphorylates TCF in complex with β-catenin (Ishitani Tohru et al., 2003).
Alternatively, the TAK1-Nlk-TCF cascade can be activated by Wnt1 binding to the same
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Frizzled receptor as activates the canonical Wnt pathway, thus, acting as a feedback
mechanism to modulate the activity of the canonical β-catenin-dependent Wnt pathway
(Smit et al., 2004).

In human HEK293 cells, Nlk phosphorylation of TCF inhibits β-catenin-TCF binding to
DNA, thereby repressing β-catenin-TCF target expression activation. Nlk has little effect
on the binding to DNA of TCF not in complex with β-catenin (Ishitani Tohru et al.,
2003). Also, in yeast two-hybrid assays vertebrate Nlk does not interact with TCFs in the
absence of β-catenin (Ishitani et al., 1999).

The role for Nlk in inhibiting the activity of β-catenin has been further demonstrated by
the injection of Nlk mRNA into Xenopus embryos. Injection of Nlk mRNA into the
dorsal region of a Xenopus embryo results in ventralization of the embryo, which is
indicative of repression of the Wnt pathway, which specifies the dorsal-ventral axis in
Xenopus. Additionally, coinjection of Nlk mRNA with β-catenin mRNA in the ventral
side of the Xenopus embryo results in an inhibition of the ability of β-catenin to induce a
secondary dorsal-ventral axis (Ishitani et al., 1999).

Thus, in vertebrates Nlk functions to inhibit the target gene expression activating role of
β-catenin-TCF, rather than signaling the nuclear export of TCF not bound to a
transcription-activating β-catenin, as in C. elegans (Ishitani et al., 1999; Ishitani Tohru et
al., 2003). Both processes, however, require a β-catenin homolog to function. In C.
elegans, LIT-1 in complex with WRM-1/β-catenin phosphorylates POP-1/TCF
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(Eisenmann, 2005; Rocheleau et al., 1999; Yang Xiao-Dong et al., 2015). Therefore, in
both cases Nlk, β-catenin, and TCF may form a complex to phosphorylate TCF and
inhibit its binding to DNA. The overall effect is different, as in C. elegans the effect is to
signal the nuclear export of POP-1/TCF not bound by SYS-1/β-catenin to prevent its
repression of Wnt-activated targets, and in vertebrate models the effect is to repress the
target gene transcriptional activation induced by β-catenin-TCF complexes.

Notch in the early C. elegans embryo

In the early C. elegans embryo, there are four Notch signaling events that affect the fates
of portions of the AB lineage. The first event is signaled by the P2 cell to the ABp cell. In
this event GLP-1/Notch interacting with LAG-1/Suppressor of Hairless [Su(H)] drives
ref-1 expression (a member of the E(spl) family of bHLH transcription factors), which
prevents the expression of the paralogous transcription factors tbx-37 and tbx-38 in the
ABp cell and its descendants. All Notch-dependent expression activation in C. elegans is
mediated by interacting with LAG-1. The lack of tbx-37 and tbx-38 expression prevents
pharynx development and, more generally, prevents ABp taking on the fate of ABa.
GLP-1 also drives the expression of lin-12/Notch. The second event is signaled by MS to
ABalp and ABara. In this context, TBX-37 and TBX-38 cooperate with GLP-1 to drive
pha-4 expression, and thereby induce pharynx development. GLP-1 also induces the
expression of lin-12 and ref-1. Here REF-1 represses the expression of lag-2/Delta. The
third event is signaled by ABalapp to ABplaaa. Here LIN-12 and GLP-1 drive the
expression of ref-1. REF-1 relieves the inhibition of left head fate. The fourth event is
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signaled by one or both daughters of MSap to ABplpapp. Following this event LIN-12
and GLP-1 drive the expression of ref-1, which induces excretory cell fate and inhibits
the expression of lin-12 (Priess, 2005).

Fate specification of AB cell descendants is determined in part by the combination of
Notch signaling activity and Wnt-β-catenin asymmetry pathway activity, such that the
Wnt-β-catenin asymmetry pathway distinguishes between anterior and posterior fates and
Notch signaling specifies certain cells to fates distinct from those of cells that do not
receive a Notch signal (Priess, 2005).

Notch transmits maternal and paternal cues to the anterior-specific transcription
factors tbx-37 and tbx-38

The anterior-posterior axis of the 1-cell C. elegans embryo is established by the spermderived centrosome-dependent inactivation of actomyosin contractility in the cortex of
the presumptive posterior portion of the embryo. This actomyosin contractility
inactivation breaks the symmetry of a previously uniformly contracted actomyosin
network. The loss of contractility extends through the cortex to approximately 50% egglength. Following this point, anterior PAR proteins PAR-3 and PAR-6 localize to the
anterior cortex, and the posterior PAR proteins PAR-1 and PAR-2 localize to the
posterior cortex. Following the establishment of anterior and posterior PAR protein
domains, the anterior and posterior PAR proteins mutually inhibit each other’s movement
into their domains. Following the establishment of the anterior-posterior axis, the first
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cell (P0) divides asymmetrically into the larger anterior cell (AB) and the smaller
posterior cell (P1) (Rose and Gönczy, 2014).

The following division of AB occurs along the transverse axis, but because the division
axis is longer than the width of the eggshell, one daughter cell becomes positioned more
anteriorly (ABa) than the other (ABp). ABa is, thus, the most anterior cell at the 4-cell
stage. Initially these two cells are equivalent, until ABp receives the first Notch signal
from P2, which results in the repression of the T-box transcription factors tbx-37 and tbx38 in ABp and its descendants (Gilbert, 2000; Priess, 2005).

The divisions of ABa and ABp again occur along the transverse axis, resulting in ABal,
ABar, ABpl, and ABpr. The left cells become positioned more anteriorly relative to their
right sisters. The left sisters are distinguished from the right sisters by a poorly
understood Notch signaling interaction that is dependent on GLP-1 in the left sisters and
the interaction of these cells with MS. The ligand involved in this signaling event has yet
to be identified. This Notch interaction is not included in the four early embryonic Notch
interactions discussed above (Rose and Gönczy, 2014).

The following two rounds of cell division are oriented along the anterior-posterior axis,
and are patterned by the Wnt-β-catenin asymmetry pathway. At this stage, all eight
descendants of ABa express tbx-37 and tbx-38, but none of the descendants of ABp
express these genes (Eisenmann, 2005; Good et al., 2004).
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T-box transcription factors comprise a diverse family of transcriptional regulators that are
vital for development in many contexts across metazoa. All members share a conserved
180-200 base-pair DNA-binding domain called the T-box. The first discovered member
of the family, Brachyury is involved in mesodermal development in vertebrates and
hindgut development in insects (Sebé-Pedrós and Ruiz-Trillo, 2017). tbx-37 and tbx-38
are paralogous, redundant T-box transcription factors expressed throughout the ABa
lineage of the C. elegans embryo. They are a part of a divergent set of T-box factors that
do not have clear orthologs in non-nematode species. Their T-box domains are most
similar to those of C. elegans tbx-8 and, in mice, to Tbx6. Tbx6 is also involved in
mesodermal development. As mentioned above, tbx-37 and tbx-38 expression inhibition
by the first Notch signal to ABp is necessary for ABp to be prevented from adopting an
ABa-like fate. Conversely, tbx-37 and tbx-38 expression are necessary for ABa to take on
its proper fate, including producing mesodermal cells descended from the cells receiving
the second Notch signal (ABalp and ABara) that compose the anterior half of the pharynx
(Good et al., 2004).

The redundant necessity for tbx-37 and tbx-38 for anterior pharynx development was
found by the identification of two non-complementing deficiencies of chromosome III
that could each be rescued by a pair of deficiencies that only covered a portion of the
overlapping region of the two non-complementing deficiencies. One of the gene families
with members on either end of the overlap was the T-box family, with four members in
this region. These genes were tbx-34, tbx-37, tbx-33, and tbx-38 (Good et al., 2004).
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A yeast artificial chromosome bearing both tbx-34 and tbx-37 was found to partially
rescue a deficiency that deleted all four genes. A small deficiency lacking tbx-34 and tbx37, but maintaining tbx-33 and tbx-38 was used in a screen for anterior pharynx mutants.
This screen identified three mutant alleles of tbx-38 that resulted in the loss of anterior
pharynx. When two of these alleles were outcrossed and made homozygous in the
absence of the deficiency, both gave homozygous offspring that were viable and fertile.
Worms with one of these tbx-38 alleles were used in another screen for anterior pharynxlacking mutants. This screen revealed three tbx-37 mutant alleles that resulted in worms
lacking an anterior pharynx. Thus, tbx-37 and tbx-38 were found to be redundantly
required for anterior pharynx development (Good et al., 2004).

Through immunostaining and promoter-driven GFP expression, it was found that all eight
ABa descendants in the 24-cell embryo express tbx-37 and tbx-38, and that in the absence
of the first Notch signaling event to ABp, tbx-37 and tbx-38 are expressed by ABp
descendants at the same stage, resulting in embryos that have a massive pharynx and lack
posterior structures (Figure 4). It was determined that the primary function of the first
Notch signaling event was to repress the expression of tbx-37 and tbx-38 in ABp, since
mutating tbx-37 and tbx-38 in embryos lacking the first Notch interaction resulted in
embryos with nearly WT posterior structures. Also, lineage analysis of tbx-37 tbx-38
double mutant worms did not result in fate changes in ABp descendants (Good et al.,
2004).
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PHA-4 is a forkhead family transcription factor that is expressed in all pharynx cells and
their progenitors specified for pharyngeal fate. It was found that ABa lineage-derived
cells that give rise to the anterior pharynx require tbx-37 and tbx-38 for expression of
pha-4, but that MS lineage-derived cells that give rise to the posterior pharynx do not
(Good et al., 2004).

tbx-37 and tbx-38 were found to be necessary for the WT fates of ABa lineage cells that
were descended from cells that either received or did not receive the second Notch signal.
Also, cells descended from Notch-signaled cells had requirements for Notch signaling
that were independent of their requirement for tbx-37 and tbx-38, as these cells exhibited
different fate changes in embryos either lacking the second Notch signaling event or
mutant for tbx-37 and tbx-38. Additionally, although many cells descended from nonNotch-signaled cells require tbx-37 and tbx-38 for their proper fates, in one reported case,
there seems to be a greater need for tbx-37 and tbx-38 in cells descended from the
anterior cell ABarppa than in cells descended from the posterior cell ABarppp, as in tbx37 tbx-38 double mutants ABarppa-descended cells undergo changes in fate, but
ABarppp-descended cells largely retain their WT phenotypes. In addition to the second
Notch interaction cooperating with TBX-37 and TBX-38 being required for WT ABa
lineage fate, anterior and posterior sublineages within the ABa lineage are distinguished
from one another by their differential activation of the Wnt/β-catenin asymmetry pathway
(Good et al., 2004).
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Regulation of Wnt pathway-repressed targets, including anterior genes

The above discussion has mostly focused on the regulation of target genes that are
activated by a Wnt signal, such as posterior genes in anterior-posterior axis patterning.
This focus naturally raises the question of how genes expressed in cells with an inactive
Wnt pathway are regulated, such as anterior genes. Target genes and TCF binding motifs
associated with activation when the Wnt pathway is active have been well studied. The
mechanisms by which the Wnt pathway may repress gene expression and TCF may
activate gene expression in the absence of Wnt signaling have been less-well studied.
However, some mechanisms have been found in several systems. The classical
mechanism by which the Wnt pathway may carry out this “opposite” regulation is by
TCF regulating Wnt-activated targets, which act as transcriptional repressors. In this
model, when the Wnt pathway is inactive, the repressor is not expressed, and, thus, the
repressor’s target genes are actively expressed. When the Wnt pathway is active, the
repressor is expressed, and, thus, the repressor’s target genes are repressed. In this case,
all factors necessary to drive expression of the repressor’s target gene are present in the
unsignaled cell, such that its expression is not necessarily dependent on Wnt pathway
components. An example of such regulation in the context of anterior gene regulation in
C. elegans is of the repression of the MS lineage-expressed gene ceh-51 in the E lineage
(the posterior sister lineage of MS) by the Wnt pathway-dependent E lineage-expressed
transcription factor end-1 (Figure 5) (Maduro et al., 2005b; Owraghi et al., 2010).
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Two mechanisms that have been identified for direct regulation of opposite targets by the
Wnt pathway only involve repression. In one, TCF competes for binding with a
transcriptional activator, such that in the absence of Wnt signaling, the activator
preferentially binds and drives expression of its target gene, and in the presence of Wnt
signaling, the TCF-β-catenin preferentially binds, but does not drive expression
(Piepenburg et al., 2000). In the other, when the Wnt pathway is active, TCF and βcatenin bind in complex with a repressor at its target gene cis regulatory region, thereby
repressing expression of the target gene. In the absence of Wnt signaling, this complex
does not bind, allowing the target gene to be expressed (Figure 5) (Theisen et al., 2007).

Two more mechanisms for direct Wnt pathway regulation of opposite target genes
involve both repression by the Wnt pathway and activation by TCF when not bound to βcatenin. In the first mechanism, which has been identified in Drosophila hemocytes,
TCF/Pangolin binds to an alternate binding site, which results in a conformational change
in the structure of TCF. This conformational change results in TCF driving expression of
its target genes when not bound to β-catenin/Armadillo when the Wnt pathway is inactive
and repressing expression of its target genes when bound to β-catenin when the Wnt
pathway is active (Zhang et al., 2014). Another direct mechanism has been identified in
C. elegans for the regulation of the anterior gene ttx-3 in the mother of the AIY neuron.
This mechanism involves POP-1/TCF binding to another transcription factor, REF-2,
with REF-2 bound to its binding site in the cis regulatory region of ttx-3. POP-1 binding
to REF-2 has been shown to allow POP-1 to drive expression when not bound to SYS1/β-catenin in the absence of Wnt signaling. This binding may also allow POP-1 to
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repress expression when in complex with SYS-1 and REF-2 in the presence of Wnt
signaling in the posterior sister of the AIY mother (Murgan et al., 2015). This mechanism
has been suggested to function by POP-1 undergoing a similar conformational change as
TCF/Pangolin does in Drosophila when bound to the alternate site (Figure 5) (Murgan
and Bertrand, 2015).

A major outstanding question is whether direct regulation by Wnt pathway components is
a general feature of genes that are repressed by the Wnt pathway, particularly in the
context of anterior-posterior axis patterning. In my thesis work, I have provided evidence
for the Wnt pathway regulation of more anterior genes, including evidence for Wnt
pathway cooperation with TBX-37 and TBX-38 in the regulation of the anterior
expression of ref-2 .
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Figures and legends

Figure 1. Graphical abstract. To study the regulation of anterior gene expression we
collected lineage expression data by taking three-dimensional time-lapse laser confocal
images of C. elegans embryos at 1.5-minute intervals. Each embryo expresses a
fluorescent protein expressed in all cells as a lineage reporter and a second fluorescent
protein either driven by cis regulatory regions of a gene of interest or portions thereof, or
fused to a gene of interest. We used StarryNite to track cell movements and divisions,
and AceTree to produce lineage trees. Our results demonstrate that anterior gene
expression is dependent on binding sites for lineage specific transcription factors in the
cis regulatory region of the anterior gene, and that TCF and β-catenin modulate that
expression to restrict it to anterior lineages.
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Figure 2. Wnt signaling pathway. The canonical Wnt signaling pathway has important
roles in regulating patterning and cell differentiation across animals from worms to
humans. Shown here is a schematic of the Wnt signaling pathway using vertebrate
protein nomenclature with C. elegans protein names indicated where most pertinent.
Some differences between the vertebrate C. elegans Wnt pathways are noted. LRP, the
co-receptor of Frizzled, is not known to have a C. elegans homolog. The portion of the C.
elegans Wnt/β-catenin asymmetry pathway that is not found in vertebrates is diagrammed
on the left of each panel. The canonical Wnt pathway, which is common to all bilaterians,
is diagrammed on the right of each figure Adapted from Eisenmann, 2005 and Pakula,
Xiang, and Li, 2017 (Eisenmann, 2005; Pakula et al., 2017).
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Figure 3. Antagonism of the Wnt pathway is required for the proper specification of
anterior fates. In vertebrates, Wnt ligands are highly concentrated in the posterior of the
embryo, with decreasing concentrations towards the anterior end of the embryo. To
ensure that the Wnt pathway is not improperly activated in the anterior end of the
embryo, an opposing gradient of Wnt pathway antagonists with high concentrations in
the anterior and low concentrations in the posterior is set up. Adapted from Velloso et al.,
2021 and Carron and Shi, 2016 (Carron and Shi, 2016; Velloso et al., 2021).
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Figure 4. tbx-37 and tbx-38 are expressed in all eight cells descended from ABa at the 24cell stage and are necessary for ABa lineage-derived anterior pharynx. A) WT 24-cell
embryo showing TBX-38 expression by staining with mAbT38. B) Same embryo as in A
showing nuclei by staining with DAPI. The white numbers indicate the ABa descendants
ABalap (1), ABarpa (2), ABarpp (3), and ABalpp (4). The magenta numbers indicate
ABp descendants ABplaa (1) and ABplap (2). C) WT 26-cell embryo exhibiting
expression of TBX-37::GFP. D) DIC image of the same embryo as in C. The white
numbers indicate the ABa descendants ABalpp (4), ABalpa (5), ABalaa (6), ABaraa (7),
and ABarap (8). The magenta numbers indicate the ABp descendants ABplpa (3),
ABplpp (4), ABprpa (5), ABprpp (6), and ABprap (7). Other cells are labeled in black
text. Reprinted from Good et al., 2004 (Good et al., 2004).
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Figure 5. Opposite Wnt target regulation. Mechanisms identified for the Wnt pathwaydependent regulation of genes expressed in cells with an inactive Wnt pathway. The first
panel shows the classical model, in which a Wnt-regulated transcriptional repressor is
expressed in cells with the Wnt pathway on, but not in cells with the pathway off. This
repressor represses target genes in Wnt On cells, but not in Wnt Off cells. The following
panels show models by which Wnt pathway components directly regulate genes
expressed in Wnt Off cells. The first of these models is that TCF competes for binding
with a transcriptional activator at overlapping binding sites, such that the activator binds
and drives expression in Wnt Off cells and TCF-β-catenin binds and does not drive
expression in Wnt On cells (Piepenburg et al., 2000). The second direct model is that
TCF does not bind its site in Wnt Off cells, thus allowing the target gene to be expressed.
In Wnt On cells TCF-β-catenin bind in complex with a transcriptional repressor, and,
thereby, repress target gene expression (Theisen et al., 2007). The third direct model is
that TCF binds a variant binding site, which induces an allosteric conformational change
in TCF, which converts it into a transcriptional activator in Wnt Off cells when not bound
to β-catenin and a transcriptional repressor in Wnt On cells when bound to β-catenin
(Zhang et al., 2014). The last direct model is that a secondary transcription factor
expressed in both Wnt Off and Wnt On cells binds its site. TCF interacts with the
transcription factor without binding to DNA directly such that in Wnt Off cells in which
TCF is not bound to β-catenin target gene expression is driven. In Wnt On cells in which
TCF is bound to β-catenin target gene expression is repressed (Murgan et al., 2015).
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CHAPTER 2: METHODS

Note: A version of this chapter was included in a manuscript submitted for publication in
Developmental Biology. Mutant cell position and cell division analysis was performed by
Dylan Cook, John Isaac Murray, and Felicia L. Peng.

C. elegans culture and strain generation

C. elegans strains (Table 1) were maintained at standard growth temperatures on OP50 E.
coli on NGM plates (Table 2). RNAi knockdown was performed by feeding, as
previously described (Kamath et al., 2003; Vora and Phillips, 2015). We validated the
efficacy of pop-1 RNAi by measuring the cell cycle delay resulting from the
transformation of the anterior MS lineage into an E-like lineage, the efficacy of sys-1
RNAi by failure of morphogenesis and embryonic death, and the efficacy of lit-1 RNAi
by measuring the cell cycle shortening resulting from the transformation of the posterior
E lineage into an MS-like lineage (Table 2) (Kaletta et al., 1997; Lin et al., 1995;
Zacharias et al., 2015). Enhancer reporter strains were generated by microinjection into
RW10029, the GFP histone strain used for lineage tracing. Injection cocktails consisted
of reporter DNA construct at 10 ng/µL, with 5 ng/µL myo-2p::GFP, and 135 ng/µL
pBluescript vector (or highest concentration possible whenever 135 ng/µL was
impossible to make) and were injected using a Narishige MN-151 micromanipulator with
Tritech microinjector system. Other strains were created through crosses using standard
approaches (Table 1).
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Generation of transgenes

Candidate enhancers were amplified by PCR from C. elegans N2 strain genomic DNA
with Phusion HF polymerase (New England Biosciences) and gel purified (Qiagen).
Enhancer fragments, mutated enhancers, and binding site concatemers were ordered as
either gBlocks or Ultramers from Integrated DNA Technologies (Coralville, Iowa) and
were amplified with Phusion HF polymerase (New England Biosciences) with overhangs
for stitching and either gel or PCR purified (Qiagen). Enhancer reporters were produced
by fusing via PCR stitching these constructs to a pes-10 minimal promoter::HIS24::mCherry::let-858 3’UTR fragment amplified from the POPTOP plasmid (LaBonty et
al., 2014) (Addgene #34848). The enhancer reporters were purified with a PureLink PCR
purification kit (ThermoFisher) and/or gel purified. The desired product was determined
by its size based on gel electrophoresis. We identified putative transcription factor
binding sites using CIS-BP (http://cisbp.ccbr.utoronto.ca) (Narasimhan et al., 2015;
Weirauch et al., 2014).To mutate the TBX-37/38 sites, the central two nucleotides were
altered (e.g. ATAGTGTGAA changed to ATAGGTTGAA for TBX418). For the construct
with all TBX-37/38 sites mutated, after mutating the five primary sites, subsequent
analysis revealed two weaker sites. All of these predicted TBX-37/38 sites were mutated.
The reporter construct for the ref-2 promoter lacking the -3.9 kb enhancer was amplified
from N2 genomic DNA by PCR and PCR stitched to the pes-10 minimal promoter::HIS24::mCherry reporter, and, thus, drives expression through the pes-10 minimal promoter.
The pes-10 promoter drives no consistent embryonic expression on its own prior to
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elongation (LaBonty et al., 2014; Murray et al., 2021; Zacharias et al., 2015) and is
compatible with a wide variety of enhancers (LaBonty et al., 2014; Zacharias et al., 2015)
(Table 5).

Quantitative comparisons

All quantitative comparisons were performed using R version 4.0.3 (The R Foundation
for Statistical Computing), Microsoft Excel version 16.16.27, or Python version 2.7.16. A
minimum N of 2 was used for all experiments (largely for perturbations which appeared
similar to wild-type at this level). Code and raw data for these analyses are available at
https://github.com/jisaacmurray/ref-2_paper.

Expression and phenotypic analysis by 4D imaging

We obtained confocal micrographs using a Leica TCS SP5 or Stellaris scanning confocal
microscope (67 z planes at 0.5 µm spacing and 1.5-minute time spacing, with laser power
increasing by 4-fold through the embryo depth to account for attenuation of signal with
depth). Embryos obtained from self-fertilized hermaphrodites were mounted in egg
buffer/methyl cellulose with 20µm beads used as spacers and imaged at 22°C using a
stage temperature controller (Brook Industries, Lake Villa, IL) (Bao and Murray, 2011).
We used StarryNite software to automatically annotate nuclei and trace lineages (Santella
et al., 2010). We corrected errors from the automated analysis and quantified reporter
expression in each nucleus relative to the local background (using the “blot” background
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correction technique) with AceTree software as previously described (Table 3) (Murray
et al., 2012, 2008).

Anterior gene WT to RNAi within lineage comparisons

To compare the expression levels of the anterior genes tbx-35, ceh-51, ELT-1, irx-1, and
ref-2 and the TBX418 concatemer with 11-15 base pair scrambled flanking regions
between WT and RNAi embryos within the expressing lineages and their posterior
sisters, we calculated for each embryo the mean reporter expression across all
measurements within each lineage (all descendant cells and time points) starting with the
cell stage that expresses the reporter at the time cells are born or shortly afterwards to the
last time point in the indicated lineage. For expression level comparisons of
extrachromosomal array transgenes, we normalized expression values to the 75th
percentile expression value of the strain with the higher 75th percentile expression value
across all measured cells in the indicated lineage within each RNAi treatment. The
expression analyzed for the MS lineage starts at an earlier stage than that for other
lineages, since following pop-1 RNAi the cell divisions are so dramatically delayed that
reporter expression comes on in earlier cell generations in these embryos. The cell
generations used in each anterior gene comparison are noted in Table 4.
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Anteriority Scores

To measure the magnitude of anterior expression bias, we developed a measure that we
refer to as the anteriority score. To determine the anteriority scores, first we chose a
minimum expression cutoff and set all values below this cutoff to 0 and subtracted the
minimum cutoff from all expression values greater than or equal to the cutoff (an
expression value of 200 was used as the cutoff for all anteriority score analyses, except a
value of zero was used for the TBX-38::GFP reporter, which has very low fluorescence
intensity compared to the other reporters analyzed). Next, we averaged the expression
levels of the reporter of interest in the cells of each anterior and each posterior sister
lineage of interest. For the ref-2 promoter and enhancer constructs, as well as the TBX37/38 site concatemers, we analyzed anterior and posterior lineages descended from the
cells ABala, ABalaa, ABalap, ABalpa ABalpp ABaraa, ABarap, ABarpa, and ABarpp.
We used expression values starting at the generation with ABaxxxxxx cells (AB128
stage) until the time point of the last division of AB128 stage cells in the ABa lineage.
Next, we calculated the means of the average expression levels of all of the anterior
lineages and all of the posterior lineages analyzed for each embryo. We then added a
pseudocount of 1 to each of the anterior and posterior embryo means. For each
experimental group, the adjusted average anterior expression is divided by the adjusted
average posterior expression, and the base 2 logarithm of the result is reported-Anteriority Score = log2((anterior mean + 1)/(posterior mean +1)).
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Correlation analysis

Correlation analysis was done by Spearman’s ρ, comparing each embryo’s expression to
the average expression of the control group. Spearman’s ρ was calculated in R using the
“cor” function. For Spearman’s ρ we used all the data from the lineages of interest
without excluding any cell generations or having a minimum value cutoff. We included
cells born before the onset of expression here to include information about the cell
generation of expression onset in the analysis. For the analysis comparing the ref-2
promoter with its enhancers we used the full somatic lineage starting with the
blastomeres AB, EMS, C, and D. For all other analyses we used only the ABa lineage.

Mutant cell position and cell division analysis

We identified cell position and cell cycle defects as previously described (Walton et al.,
2015). We corrected for differences in global division rates, and considered divisions as
defective if they deviated from the wild-type cell cycle length by at least five minutes and
had a z-score greater than three. Cell positions were corrected for differences in embryo
size and rotation, and considered defective if they deviated from the expected wild type
position by at least five microns, had a z-score greater than five, and a nearest neighbor
score greater than 0.8.
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Statistical analyses

Statistical significance of differences in anterior or posterior expression between
untreated and RNAi-treated embryos was tested using the two-tailed Wilcoxon Ranked
Sum test. Statistical significance of differences in Spearman’s ρ or Anteriority Score
were tested using the one-tailed Wilcoxon Ranked Sum test to test for differences from
either the control group or from 0, as indicated in each figure. The p-values calculated by
the Wilcoxon Ranked Sum test were corrected for multiple comparisons using the false
discovery rate method in R. Significance of overlap between positional or cell division
defects and expression status were assessed using a Chi-squared test.
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CHAPTER 3: THE ROLE OF THE WNT PATHWAY IN REGULATION OF
ANTERIOR GENE EXPRESSION

Note: A version of this chapter was included in a manuscript submitted for publication in
Developmental Biology. I performed the experiments and analyzed the data described in
this chapter with some assistance from Elicia A. Preston, Lucy Wu, Ilona Jileaeva, J.
Archibald Millar, and John Isaac Murray.

Introduction

Proper anterior-posterior patterning is critical for animal embryonic development and
requires the Wnt pathway across bilaterian animals from worms to humans. Typically,
posterior cell identities are induced by posteriorly-produced Wnt ligands signaling
through the canonical Wnt pathway (Hikasa and Sokol, 2013). In this pathway, signal
transduction in response to Wnt activates posterior-expressed gene transcription through
the transcription factor TCF and its co-activator β-catenin (Archbold et al., 2012).
Although this conserved role for the Wnt pathway in regulating the expression of
posterior genes is well documented (Martin and Kimelman, 2009), much less is known
about how genes expressed in anterior cells are regulated.

Caenorhabditis elegans has been widely used to study anterior-posterior patterning
because it is genetically tractable, its embryonic lineage is invariant, and most of its
developmental regulators are highly conserved in vertebrates and other animals
51

(Zacharias and Murray, 2016; Sulston et al., 1983; Bürglin et al., 1989; Chen et al., 1993;
van den Heuvel, 2005; Shaye and Greenwald, 2011; Kim et al., 2018). Also, the majority
of embryonic cell divisions are oriented along the anterior-posterior axis, and require the
Wnt pathway to differentiate the two daughter fates (Herman, 2001; Mizumoto and Sawa,
2007; Zacharias et al., 2015). Following each anterior-posterior cell division, the Wnt
pathway is activated in the more posterior daughter cell, leading to high nuclear SYS-1/βcatenin and low nuclear POP-1/TCF, whereas the anterior daughter cell has low nuclear
SYS-1 and high nuclear POP-1(Herman, 2001; Mizumoto and Sawa, 2007; Zacharias et
al., 2015). The combination of high nuclear SYS-1 and low nuclear POP-1 in posterior
cells makes it stoichiometrically favorable for POP-1 to be bound to posterior-expressed
targets as a complex with SYS-1, thereby driving their expression (Huang et al., 2007;
Lin et al., 1998; Maduro et al., 2002). In contrast, anterior cells have low nuclear SYS-1
and high nuclear POP-1; for posterior-expressed targets, this results in POP-1 being
bound in the absence of SYS-1, allowing it to recruit co-repressors, including UNC37/groucho (Calvo et al., 2001) (Figure 6A). Loss of POP-1/TCF results in posterior
genes having either reduced expression in posterior cells or increased expression in
anterior cells, indicative of its dual roles as an activator and repressor. Loss of SYS-1/βcatenin results only in down-regulation of posterior genes in posterior cells, consistent
with an exclusive role as a posterior activator (Zacharias et al., 2015). These observations
leave open the question of how anterior genes are regulated in C. elegans.

Previous work suggests at least three possible mechanisms by which anterior genes could
be regulated. 1) They may be regulated by the Wnt pathway indirectly, with posteriorly52

expressed canonical Wnt targets repressing the expression of anterior genes in posterior
cells. 2) They may be directly regulated by Wnt pathway components acting in a
modified (or “opposite”) manner. 3) They may be regulated by a non-Wnt-related
mechanism (Figure 6B).

An example of indirect Wnt pathway regulation through a posterior repressor is seen in
the C. elegans embryonic EMS lineage, in which cells derived from the posterior
daughter of EMS, E, express the POP-1-activated, gut-specifying transcription factor
end-1. In turn, end-1 represses the transcription factor ceh-51, which is normally
expressed in and specifies the lineage derived from the anterior daughter of EMS, MS
(Maduro et al., 2005b; Owraghi et al., 2010).

Conversely, the C. elegans anterior gene ttx-3 is directly regulated by Wnt pathway
components. ttx-3 helps specify the AIY neuron class and is regulated by POP-1 and
SYS-1 in a manner dependent on the sole C. elegans ZIC family transcription factor
REF-2 (Murgan et al., 2015). After the AIY grandmother divides, ttx-3 is expressed in the
anterior daughter, the AIY mother, but not in the posterior daughter. In the AIY mother,
the Wnt pathway is inactive, with low nuclear SYS-1 and high nuclear POP-1, and both
pop-1 and ref-2 are required to activate ttx-3 expression. In its posterior sister, the Wnt
pathway is active, with high nuclear SYS-1 levels and low nuclear POP-1 levels, and sys1 is required to repress expression of ttx-3. Furthermore, POP-1 and REF-2 can directly
interact, suggesting that REF-2 and POP-1 bind as a complex to activate ttx-3 expression
in the AIY mother. The role of SYS-1 is less clear but some evidence suggests SYS-1
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may bind to the POP-1/REF-2 complex to repress expression, or may sequester away the
limited POP-1, such that POP-1 cannot interact with REF-2 (Murgan et al., 2015; Murgan
and Bertrand, 2015). Similar regulation, termed “opposite Wnt regulation”, has also been
seen in other organisms such as Drosophila (Zhang et al., 2014).

Because of the role of POP-1 and SYS-1 in regulating the anterior-specific expression of
ttx-3, we hypothesized that these genes may also regulate other anterior genes. POP-1 and
SYS-1 could act as general anterior expression regulators, interacting with lineagerestricted co-regulators to ensure appropriate expression of anterior genes in the correct
lineages (Murgan et al., 2015; Murgan and Bertrand, 2015). We tested this by mining
single-cell-resolution expression data to identify transcription factors expressed in
anterior-specific patterns. Of these, we tested five for a requirement for pop-1 and sys-1,
and found that all require pop-1 and/or sys-1 for either anterior expression or posterior
repression.

Results

Many early embryonic transcription factors have anterior-specific expression

We used large-scale single-cell expression databases derived from time-lapse 4D imaging
of embryos expressing reporter genes to identify anterior-expressed genes (Figure 7A).
We define “anterior” or “posterior” lineages as sets of related cells derived from either
the more-anterior or more-posterior daughter after a specific cell division (Figure 7B).
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Notably, this is distinct from physical position; for example, a cell that divides near the
posterior pole of the embryo gives rise to both an anterior and posterior daughter lineage,
both of which are located in the posterior half of the embryo (Figure 7B, left side).
Following convention (Sulston et al., 1983; Sulston and Horvitz, 1977), all lineage trees
in this manuscript are drawn with the more anterior daughters on the left and the posterior
daughters on the right of each bifurcation. Earlier studies identified a strong tendency for
genes to be expressed in either multiple anterior or multiple posterior lineages during
early and mid-embryogenesis; these frequently appear as “lineally repetitive” patterns,
with multiple related anterior or posterior cousin lineages all expressing the same gene
(e.g. nob-1 and ref-2 in Figure 7D,E) (Ma et al., 2021; Murray et al., 2012). Both
anterior-specific and posterior-specific gene expression were similarly common. While
posterior specific genes (e.g. Figure 7D) appear to be largely regulated by canonical Wnt
signaling (Zacharias et al., 2015), it is less clear how anterior-specific patterns are
regulated. We mined existing literature and large-scale databases of fluorescent reporter
expression patterns (Figure 7A) (Ma et al., 2021; Murray et al., 2012, 2008) to identify 19
conserved genes expressed in anterior lineage-specific patterns (Figure 7C); the anteriorbiased expression of these genes is also seen in embryonic single-cell RNA-seq data
(Packer Jonathan S. et al., 2019).

We confirmed the anterior-biased expression of seven of these by live confocal imaging
followed by automated cell tracking and lineage tracing (Figure 7A,E, Figure 8) (Bao et
al., 2006; Murray et al., 2008). For each gene, we collected 3D time-lapse movies of
transgenic embryos expressing a histone-mCherry (pha-4, ref-2, elt-1, tbx-35, irx-1, and
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pes-1), or GFP (ceh-51) reporter under the control of upstream regulatory sequences of
each gene (referred to here as “promoter reporters”). For five genes we also collected
images for fosmid transgenes (irx-1, elt-1, pha-4 and ref-2) or CRISPR knock-ins (ceh51) in which the protein is fused to GFP and surrounded by its normal genomic context
(“protein reporters”). Each embryo also contained a ubiquitously expressed second-color,
histone-GFP or histone-mCherry fusion, used for cell tracking. We identified each
nucleus at each time point and traced them across time using StarryNite (Bao et al., 2006;
Santella et al., 2010) cell tracking software, and used AceTree (Boyle et al., 2006;
Katzman et al., 2018) for subsequent manual error correction and validation that the
extracted lineages were correct. Finally, we quantified the expression of the reporter in
each nucleus at each time point (Figure 7A) (Murray et al., 2008). The results confirm the
anterior-specific expression of each gene, and, in some cases, identify previously
unknown expression patterns (Figure 8). For each promoter reporter, the anterior-specific
patterns were consistent, but the protein fusion reporters all had additional expressing
lineages and dynamics indicative of distal enhancers and post-transcriptional regulation
(Figure 8).

The Wnt pathway effectors pop-1 and sys-1 are required for normal anterior-specific
expression

Most genes expressed preferentially in posterior lineages require the Wnt effector
transcription factor POP-1/TCF either for activation in posterior cells (together with its
coactivator SYS-1/β-catenin) or for repression in anterior cells, and at least some are
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direct targets (Kidd et al., 2005; Lin et al., 1995; Mizumoto and Sawa, 2007; Phillips et
al., 2007; Yanai et al., 2008; Zacharias et al., 2015). Although pop-1 is required for the
normal expression of some anterior genes (Broitman-Maduro et al., 2009; Murgan et al.,
2015; Yanai et al., 2008), it is unclear whether pop-1 and sys-1 are generally required for
anterior-specific expression, as they are for posterior-specific expression.

To test this, we measured the expression of five anterior gene reporters (tbx-35, ceh-51,
elt-1, irx-1, and ref-2) after pop-1 and sys-1 RNAi by live 3D imaging and lineage tracing
as described above. We used promoter reporters for tbx-35, ceh-51, irx-1, and ref-2
because our wild-type expression data indicated these reporters are sufficient for anterior
regulation (Figure 8). For elt-1, anterior-specific expression was more robust for the
protein reporter so we tested that reporter’s dependence on pop-1 and sys-1 (Figure 9;
Figure 10).

Reporters of two of the genes we tested, tbx-35 and ceh-51, are expressed solely in the
anterior lineage MS (Figures S1; S2A, B), and previous qualitative expression analyses
indicated that expression persists in the absence of pop-1 (Broitman-Maduro et al., 2009,
2006; Owraghi et al., 2010). Consistent with this, we detected expression of both genes in
the MS lineage after pop-1 RNAi, however this expression was significantly decreased.
We also observed increased expression of both genes in the E lineage (posterior sister of
MS), although this expression remained lower than both the wild-type and pop-1 RNAi
MS levels (Figure 9A, B; Figure 10A, B; Table S4). We also observe low-level ectopic
expression of tbx-35 in the E lineage under sys-1 RNAi. These results indicate that both
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tbx-35 and ceh-51 require pop-1 for full expression in the MS lineage and for repression
in the E lineage (as shown previously (Broitman-Maduro et al., 2009; Owraghi et al.,
2010)), and that sys-1 is required to repress tbx-35 in the E lineage.

elt-1 reporters are expressed in several early anterior lineages that primarily give rise to
ectodermal fates (ABpla, ABpra, Caa and Cpa), and in one posterior lineage (ABarp)
(Figures S1; S2C). In the Caa and Cpa lineages, anterior lineages that express both the
promoter and protein reporters, pop-1 RNAi results in decreased elt-1 reporter
expression. However, RNAi for neither pop-1 nor sys-1 affects expression in their
posterior sister lineages Cap and Cpp (Figure 9C; Figure 10C; Table S4). Similarly, pop1 RNAi results in reduced expression of the protein reporter in the ABpla and ABpra
lineages, while RNAi knockdown of neither pop-1 nor sys-1 has much effect on their
posterior sister lineages ABplp and ABprp (Figure 10C; Table S4). Thus, in both the ABp
and C lineages, pop-1 is required for anterior expression of elt-1, but neither pop-1 nor
sys-1 is required for posterior repression.

irx-1 reporters are expressed early in four related anterior sublineages of ABp, and in
three anterior sublineages of MS, while in later embryos they are expressed in both
anterior and posterior lineages (Figures S1; S2D). Like for elt-1, pop-1 RNAi reduces irx1 reporter expression in anterior ABp-derived sublineages, and two of the MS-derived
expressing sublineages lose expression nearly completely. After both pop-1 and sys-1
RNAi, the irx-1 reporter expression expands into several posterior sublineages of ABp
whose anterior sisters normally express irx-1 (Figure 9D; Figure 10D; Table S4). These
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results indicate that irx-1 requires pop-1 for expression in anterior lineages and both pop1 and sys-1 for repression in posterior lineages.

Reporters for ref-2 are expressed in the early embryo in all MS descendants and in
several related anterior sublineages of ABa that arise at the 50-cell stage (Figures S1;
S2E). In later embryos, expression occurs in two anterior sublineages of MS, in several
anterior ABp-derived sublineages, and in the Pn ventral epidermal blast cells, consistent
with previous studies (Alper and Kenyon, 2002). After pop-1 RNAi, expression of the
ref-2 promoter reporter is significantly reduced in anterior sublineages of ABala (Figure
9E). As for other genes, sys-1 RNAi caused de-repression of ref-2 in several posterior
sisters of the normally expressing sublineages, but we did not detect de-repression in
these sublineages after pop-1 RNAi (Figure 9E; Figure 10E; Table S4). Thus, ref-2
requires pop-1 for expression in anterior lineages and sys-1 for repression in posterior
lineages.

To summarize these perturbations, each anterior gene tested requires pop-1 for full
expression in anterior lineages. Several genes also require pop-1 (tbx-35, ceh-51 and irx1) or sys-1 (tbx-35, irx-1 and ref-2) for repression in some posterior lineages. Thus, it
appears that the expression of most anterior genes requires the Wnt pathway components
POP-1 and SYS-1, but this dependency is complex as was seen previously for posterior
genes (Zacharias et al., 2015).
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Discussion

Previous work has definitively shown that the Wnt pathway components POP-1 and
SYS-1 regulate posteriorly expressed genes in the C. elegans embryo via the canonical
Wnt asymmetry pathway (Mizumoto and Sawa, 2007; Phillips et al., 2007; Zacharias et
al., 2015). What has been less clear is how the similar number of anteriorly expressed
genes is regulated. We have demonstrated that a set of anteriorly expressed genes, tbx-35,
ceh-51, elt-1, irx-1, and ref-2, require POP-1 and SYS-1 for their anterior-biased
expression. Therefore, POP-1 and SYS-1 regulate the expression of anterior-biased
genes. The mechanism by which POP-1 and SYS-1 mediate this regulation remains to be
determined. Previous work demonstrated that posterior genes can be regulated by POP-1
binding directly to POP-1 binding sites in their upstream regulatory regions (LaBonty et
al., 2014). Thus, a simple indirect model of POP-1 regulation of anterior genes would be
POP-1 activating the expression of repressors in posterior cells. This mechanism would
predict that anterior genes would be expressed later than posterior genes, or that anterior
genes would be expressed early in both anterior and posterior cells, but maintained only
in anterior cells. This can happen; for example, in the C lineage elt-1 is expressed in both
anterior and posterior sister cells at the 4C stage, but is only maintained in the anterior
granddaughters of C (Caa and Cpa), perhaps due to its repression by the Wnt target hlh-1
in the descendants of the posterior granddaughters of C (Cap and Cpp) (Yanai et al.,
2008). What we observe in many cases, however, is that anterior gene expression is
activated at about the same time as posterior gene expression in sister lineages. This
observation suggests that POP-1 could regulate some anterior genes directly. Although
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some pop-1 dependence of anterior genes could be explained by upstream anterior-toposterior cell fate conversions following pop-1 RNAi, our results as a whole cannot be
explained by the known pattern of fate transformations (Good et al., 2004).

Indirect pop-1-dependent regulation of anterior genes, however, does not explain all of its
role in anterior gene expression regulation. For instance, previous work showed that loss
of muscle-specifying TFs (MRFs) expressed in Cap and Cpp (hlh-1, unc-120, and hnd-1)
is not sufficient to permit ectopic expression of elt-1 in these cells or to convert them to
an epidermal fate (Fukushige et al., 2006; Yanai et al., 2008). Therefore, another factor,
perhaps pop-1 acting directly, must be responsible for restricting elt-1 to the anterior C
granddaughters. Our results identified a requirement for pop-1 in anterior expression of
elt-1 but not posterior repression in the C lineage. The proposed role of the MRFs in
repressing elt-1 expression (Fukushige et al., 2006; Fukushige and Krause, 2005; Yanai
et al., 2008) suggests that this effect could partly be due to misexpression of MRFs in the
anterior C granddaughters, which could be tested in the future.

Direct activation of genes when Wnt is absent by POP-1/TCF, termed “opposite” Wnt
target regulation, occurs in other systems. For example, in Drosophila TCF bound
directly to DNA at non-optimal sites can activate transcription when unbound by βcatenin and repress transcription when bound to β-catenin. This difference in the
regulatory activity of TCF is mediated by an allosteric conformational change in the
structure of TCF (Zhang et al., 2014). In C. elegans, POP-1 bound together with REF-2 at
the ttx-3 cis-regulatory region, may similarly undergo allosteric changes, leading to
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opposite target regulation (Murgan et al., 2015; Murgan and Bertrand, 2015). Our
findings discussed in this and the following chapter are consistent with a similar
mechanism regulating ref-2 itself.
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Figures and legends
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Figure 6. How are anterior genes regulated? A) The Wnt/β-catenin asymmetry pathway
regulates anterior-posterior patterning by producing asymmetric nuclear concentrations of
POP-1/TCF and SYS-1/β-catenin in anterior and posterior sister cells. Low nuclear
concentrations of POP-1 and high nuclear concentrations of SYS-1 in the posterior cell
activate expression of posterior genes and are associated with the lack of expression of
anterior genes. Conversely, high nuclear concentrations of POP-1 and low nuclear
concentrations of SYS-1 in the anterior cell repress posterior genes and are associated
with expression of anterior genes. Effects of pop-1 and sys-1 RNAi on posterior genes are
shown; effects on most anterior genes are unknown. B) In this work, we test whether
pop-1/TCF and sys-1/β-catenin regulate anterior genes in the C. elegans embryo, and ask
what other factors also regulate anterior expression.
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Figure 7. Identification of genes with anterior-biased expression. A) Automated lineaging
traces lineages and quantifies expression from 4D confocal movies. In the lineage trees,
vertical lines represent cells, and horizontal lines represent cell divisions. Most cells
divide along the anterior-posterior axis, with anterior cells depicted on the left branch and
posterior cells on the right branch. B) Posterior and anterior genes are denoted as such
based on their expression in cells descended from either a posterior or anterior sister cell,
respectively, following an anterior-posterior cell division. Anterior and posterior genes
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can generally be expressed in cells from any part of the embryo. Anterior and posterior
founder cells are labeled with orange asterisks/green triangles respectively. C) List of
anterior-biased genes in the EPiC database along with their predicted human homologs.
D) Expression pattern of a posterior gene, nob-1/Hox9-13. E) Expression patterns of
several anterior genes; most are expressed in unique combinations of mostly anterior
lineages.
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Figure 8. Several early embryonic genes are expressed with anterior bias. Full lineage
expression patterns are shown for integrated transgenic promoter reporters of ref-2, elt-1,
tbx-35, ceh-51, irx-1, and pes-1; for integrated transgenic protein reporters of REF-2,
ELT-1, PHA-4, and IRX-1; and for a CRISPR knock-in protein reporter of CEH-51. See
supplemental files for full resolution images.
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Figure 9. Regulation of anterior genes by Wnt effectors pop-1 and sys-1. A-E) Expression
pattern (left) and quantification (right) of reporters for the anterior genes tbx-35 (A), ceh70

51 (B), ELT-1 (C), irx-1 (D), and ref-2 (E) in specific anterior lineages and their posterior
sisters. Expression is shown under WT conditions and following pop-1 or sys-1 RNAi.
Expression quantification (right) is the mean expression across all measurements within
that lineage from when the reporter is normally first detected until the last time point
indicated in the lineage (details in Methods).
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Figure 10. Anterior genes are regulated by Wnt effectors pop-1 and sys-1. Full example
WT, pop-1 RNAi, and sys-1 RNAi lineages are shown for integrated transgenic promoter
reporters of tbx-35 (A), ceh-51 (B), irx-1 (D), and ref-2 (E) and for an integrated
transgenic protein reporter of ELT-1 (C).
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CHAPTER 4: REGULATORY DISSECTION OF THE ANTERIOR GENE REF-2
IDENTIFIES T-BOX FACTORS AS KEY ANTERIOR REGULATORS

Note: A version of this chapter was included in a manuscript submitted for publication in
Developmental Biology. Mutant cell position and cell division analysis was performed by
Dylan Cook, John Isaac Murray, and Felicia L. Peng. I performed the other experiments
and analyzed the other data described in this chapter with some assistance from Elicia A.
Preston and John Isaac Murray.

Introduction

To further characterize anterior gene regulation and identify other factors involved in
regulating anterior expression, we focused in more detail on ref-2/ZIC. By automated
lineage analysis of mutants, we find that ref-2 is required for normal cell division timing
and cell position in ref-2 expressing lineages. Embryonic expression of ref-2 is driven by
at least three developmental enhancers, two of which drive early embryonic expression
and one of which drives expression in later-stage embryos. The most distal enhancer (3.9
kb upstream of the transcription start site) drives highly anterior-biased expression.
Functional dissection revealed unexpected redundancy within this enhancer, and a role
for the T-box transcription factors tbx-37 and tbx-38 in driving anterior-specific
expression. Surprisingly, concatemers of a single TBX-37/38 binding site reiterate much
of the anterior-specific expression pattern of ref-2 in early embryos, suggesting a key role
for these factors in driving anterior expression.
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Results

The anterior-specific transcription factor ref-2/ZIC is required for normal patterns of
cell division and cell position in expressing lineages

The striking anterior-specific expression patterns observed for early embryonic TFs raises
the question of whether these factors regulate the development of anterior lineages. To
address this question, we focused on one anterior gene, ref-2. ref-2 encodes a zinc finger
transcription factor homologous to mammalian ZIC genes and Drosophila Odd-Paired.
Previous work showed that ref-2 is required to prevent “Pn” epidermal blast cells from
fusing with the major hypodermal syncytium in larval stages (Alper and Kenyon, 2002).
More recently, REF-2 was shown to activate the anterior-specific expression of the neural
regulator ttx-3 by binding the ttx-3 cis-regulatory region and recruiting POP-1 in a
manner independent of POP-1 DNA binding activity in the AIY mother cell (Murgan et
al., 2015). Since ref-2 is expressed in many other anterior lineages in early embryos, we
investigated whether ref-2 mutants have developmental defects in those lineages.

We tested for embryonic lineage phenotypes at single-cell resolution by analyzing 3D
time-lapse movies of eight embryos homozygous for the deletion allele ref-2(gk178) and
expressing a ubiquitous histone-mCherry fusion for cell tracking. We used StarryNite to
track the lineage of each embryo, and used AceTree to curate the lineages through the
>550-cell stage (six embryos) or >350-cell stage (two embryos). We compared the
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position and cell cycle length of each cell in each embryo to those from a reference of 17
wild-type embryos (Richards et al., 2013; Walton et al., 2015) to identify outliers
(“defects”) (Figure 11A).

We identified a total of 55 cells with early, late or missing divisions, and 54 of these were
derived from REF-2::GFP expressing lineages (P < 10-15). Overall 95% of cell cycle
defects were delays or missed divisions, indicating a role for ref-2 in promoting cell
division. Similarly, we identified 68 position defects, of which 56 were in ref-2
expressing lineages (Figure 11B, C, P = 1.1 * 10-14, chi-squared test). Ten ref-2expressing cells, and no non-expressing cells, had position defects in two or more
embryos. The cells with the strongest position and cell cycle length defects were from the
ref-2-expressing anterior ABaraaa lineage, which produces primarily anterior pharynx
cells (e1, m1 and arcade cells). The most frequent cell cycle length defects were in
ABaraaaaa and ABaraaaap (both defective in 8 of 8 embryos), which were delayed by
21.8 minutes and 14.2 minutes, respectively (Figure 11E). The largest position defects
were in ABaraaaapa and ABaraaaapp, which were mispositioned on average 6 microns
posterior of their wild-type position (Figure 11D,F). However, other defects were broadly
distributed across ref-2-expressing lineages, in particular MS- and ABa-derived anterior
sublineages (Figure 11A). In summary, the anterior lineage-expressed TF ref-2 is
required for the normal development of anterior lineages, although the low penetrance of
many defects suggests that ref-2 may act with other partially redundant regulators, similar
to other early zygotic TFs (Andachi, 2004; Boeck et al., 2011; Good et al., 2004; Maduro
et al., 2005a, 2001; Neves and Priess, 2005; Walton et al., 2015).
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Modular enhancers control ref-2 embryonic expression

The anterior expression and phenotypes of ref-2 raise the question of what sequences and
regulators control this expression. To identify genomic sequences responsible for ref-2
anterior expression, we first compared expression driven by the 31.9 kb genomic fosmid
protein reporter to the shorter 4.1kb upstream (“promoter”) reporter (Figure 12A, B, C;
Figure 14). In general, the patterns were similar; both are expressed broadly in the MS
lineage and in multiple anterior ABa-derived sublineages. In the ABa lineage, the
promoter reporter shows background expression in some posterior sister sublineages
suggesting the existence of repressive sequences outside of this promoter region.
Additionally, the promoter fusion reporter is detected persistently in both the MS and AB
lineages, whereas protein reporter expression is detected transiently, likely reflecting the
use of a stable histone-mCherry reporter for the promoter reporter. Importantly, both the
REF-2::GFP protein and ref-2 promoter reporters drive expression in progenitors of most
cells defective in ref-2 mutants.

To identify the sequences in this region that regulate expression in these lineages, we
sought to identify minimal portions of the region with enhancer activity. We identified
three portions of the ref-2 promoter conserved among Caenorhabditis species, suggesting
they encode important functions (Figure 12A) (Kent et al., 2002; Pollard et al., 2010;
Siepel et al., 2005). The most distal of these regions is in open chromatin in ABa-derived
cells as measured in a recently published ATAC-seq data set (Charest et al., 2020). Also,
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this region is bound by the broadly-expressed ABa lineage transcription factors TBX-37
and TBX-38, as determined by a recently published ChIP-seq data set (Figure 12A)
(Charest et al., 2020). We fused each putative enhancer to a reporter cassette consisting
of a minimal pes-10 promoter and a his-24::mCherry reporter. The pes-10 promoter is
widely used, drives no consistent embryonic expression on its own (LaBonty et al., 2014;
Murray et al., 2021; Zacharias et al., 2015) and is compatible with a wide variety of
enhancers (LaBonty et al., 2014; Zacharias et al., 2015). We introduced each reporter into
worms and used StarryNite to determine in which cells each putative enhancer drives
expression.

The most distal enhancer, located 3.9 kb upstream of the likely transcription start site, (3.9 kb enhancer; 449 base pairs) drives early expression (during gastrulation) in several
anterior sublineages of ABa and in anterior sublineages of MS (Figure 12D; Figure 14).
This expression occurs in nearly identical lineages to the early portion of the protein
reporter expression pattern, but while the protein reporter expression in these lineages is
transient, the enhancer reporter persists, again likely because of the use of a stable
histone-mCherry reporter. The -3.9 kb enhancer expression is also well correlated with
the pattern driven by the full promoter of ref-2 (Spearman’s ⍴ > 0.6, Figure 12K).
Deleting this enhancer from the ref-2 promoter reporter results in loss of the strong
anterior-biased expression in the ABalaa, ABalap, and ABarpa lineages, and a loss in the
weak anterior-biased expression in the ABalpa, ABalpp, ABaraa, and ABarap lineages.
All remaining consistent expression occurs in the lineages derived from the Notchsignaled cells ABalp and ABara and has little anterior bias (Figure 12E, J; Figures 13 and
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14) (Neves and Priess, 2005). The significance of this expression is unclear; it can be
seen in the promoter reporter but not the protein reporter, suggesting that it is normally
repressed by additional sequences outside the promoter. We conclude that the -3.9 kb
enhancer is necessary and sufficient for anterior-biased expression in the ABa lineage.

A second 745 bp enhancer, located at -2.8 kb, drives expression in later embryos (bean
stage) in some anterior sublineages of MS and in the ABp-derived Pn ventral epidermal
blast cells that were previously reported to require ref-2 (Alper and Kenyon, 2002). These
cells also robustly express the ref-2 protein reporter and weakly express the ref-2
promoter reporter (Figure 12B, C, F, J, K). Finally, the most proximal enhancer candidate
(at -1.6 kb; 206 base pairs) drives variable, weakly anterior-biased, expression in multiple
lineages, most consistently in ABala and ABara (Figure 12G, J, K; Figure 15) and also
drives late expression in some ABp sublineages (Figure 12G; Figure 15). Much of this
expression is in cells or at stages that do not express the full-length reporters, suggesting
that the activity of this sequence differs in its normal genomic context.

To measure anterior expression bias we developed an “anteriority score” based on the
log2 ratio between anterior and posterior sister lineage expression. Because expression
tends to accumulate over several cell cycles in each expressing lineage, we calculated this
score based on the mean expression of the progeny 2-3 cell divisions after the birth of
each anterior lineage (Figure 12I). Using this metric, we detected robust and significant
anterior-biased expression for both the ref-2 promoter and -3.9 kb enhancer reporters in
ABa-derived sublineages, and reduced or no anterior-biased expression for the -2.8 kb
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and -1.6 kb enhancer reporters and for the promoter Δ -3.9 kb enhancer reporter in the
same sublineages (Figure 12J). Comparing the expression driven by each enhancer to the
full promoter showed each is positively, but imperfectly, correlated, consistent with each
driving a subset of the full pattern (Figure 12K).

ref-2 promoter expression requires the T-box transcription factors tbx-37 and tbx-38

A dominant feature of the early ref-2 expression pattern is reiterated expression in six of
the eight anterior sister cells of the ectodermal ABa lineage at the 50-cell stage (when
there are 16 ABa descendants). This expression is not observed in the fluorescent reporter
strains until at least the following cell generation (when there are 32 ABa descendants)
because of the time required for the fluorophores of mCherry or GFP to mature. This
raises the question of whether ref-2 expression requires the ABa-specific transcription
factors tbx-37 and tbx-38. These genes encode redundant paralogous T-box family
transcription factors which are expressed throughout the ABa lineage and are required for
multiple cell fate decisions within ABa (Charest et al., 2020; Good et al., 2004; Poole and
Hobert, 2006). Confirming previous reports (Charest et al., 2020; Good et al., 2004), a
TBX-38::GFP knock-in reporter made by CRISPR (Charest et al., 2020) is expressed
throughout the ABa lineage and is detectable at least from the AB16 to AB128 stages
(Figure 16). To test whether tbx-37 and tbx-38 are necessary for ref-2 expression, we
measured expression of the ref-2 promoter reporter in embryos carrying homozygous
deletions of both tbx-37 and tbx-38. We found that in the absence of tbx-37 and tbx-38,
nearly all ref-2 promoter expression in the ABa lineage is lost (Figure 12H; Figure 17),
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while expression in the MS lineage is maintained. Thus, tbx-37 and tbx-38 are necessary
for the anterior-biased expression of ref-2 in ABa.

The -3.9 kb enhancer contains three non-overlapping sub-enhancers that
independently drive anterior expression in the ABa lineage

Since the ref-2 -3.9 kb enhancer drives expression in a similar pattern to the early
expression of the full promoter and protein reporters, and its deletion from the ref-2
promoter results in a reduction of anterior-biased expression in portions of the ABa
lineage, it is a primary enhancer responsible for driving the early anterior-biased
expression of ref-2. To map features necessary or sufficient for anterior expression, we
tested the activity of eight truncated versions of the ref-2 -3.9 kb enhancer to identify
minimal regions of the enhancer sufficient to drive anterior expression in the ABa lineage
(Figure 18, Figure 19). Instead of a single minimal region, we found three nonoverlapping regions within the -3.9 kb enhancer that each are sufficient to drive anteriorbiased enhancer activity in the ABa lineage: a promoter-distal region (bases 1 to 200), a
medial region (bases 227 to 304) and a promoter-proximal region (bases 320 to 449)
(Figure 18B, C). Of these regions, the proximal region drives the most consistent
expression and this expression is most similar to the full length -3.9 kb enhancer
construct (Figure 18D), whereas the medial and distal fragments drive more variable
expression and in a subset of these lineages. Thus, although integration of information
between these sub-enhancers is likely necessary for robustness of expression pattern, the
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130 bp proximal fragment provides a model system for further dissection to identify
anterior expression regulators.

TBX-37/38 binding sites are required for anterior expression of the proximal region

The proximal fragment exhibits broad sequence conservation with related nematodes,
suggesting it contains multiple important TF binding sites (Figure 12A). To identify
sequences necessary for anterior expression, we scrambled each 15 base-pair region
along the length of the enhancer fragment and tested the resulting sequences for enhancer
activity (Figure 21B, C, D). Scrambling a single region comprising base pairs 410-424
(coordinates relative to the full-length enhancer) resulted in a complete loss of the
anterior-biased expression in the ABa lineage, indicating that this region is necessary for
this expression (Figure 20B; Figure 21B). Scrambling the most proximal regions 425-439
and 435-449 resulted in a loss of expression in subsets of the ABa lineage (in ABar and
ABalp) but maintained anterior expression in the ABala lineage (Figure 21B). Expression
was largely maintained when other regions were mutated, suggesting sequences in these
regions are not individually necessary for anterior-specific expression despite their
conservation.

In this fragment there are five predicted TBX-37/38 sites, two of which are predicted to
have high affinity for TBX-37 and TBX-38. Two of the sites overlap with either the 410424 region that is essential for ABa-specific expression or the 425-449 region that is
required for a subset of ABa-specific expression (Figure 20A, B; Figure 21A, B). To
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determine whether this region is bound by TBX-37 and TBX-38 in vivo, we mined a
recently published dataset that measured genome-wide TBX-37 and TBX-38 binding by
ChIP-seq. Both factors show binding in the proximal region of the -3.9 kb enhancer
(Figure 12A) (Charest et al., 2020).

To determine whether the TBX-37/38 sites are required for anterior expression, we
measured the activity of the proximal fragment after mutating the two central nucleotides
of all TBX-37/38 sites. The mutated enhancer fragment did not drive anterior-specific
expression in the ABa lineage (Figure 20B, C, D; Figure 21B, C, D; Figure 22),
confirming the importance of these sites. Additionally, the loss of anterior-biased
expression following the mutation of these sites indicates that the two predicted high
affinity POP-1 sites in this fragment are not sufficient to drive anterior-biased expression.
Also, these sites are not necessary for the anterior-biased expression driven by this
enhancer fragment, as the loss of these sites does not result in a loss of the anterior-biased
expression (Figure 21B, C, D). In fact, concatemers of POP-1 sites are sufficient to drive
posterior-biased expression (Figure 21F) (LaBonty et al., 2014; Zacharias et al., 2015).

Since the high affinity site beginning at position 418 (TBX418) overlaps the region (410424) required for expression, we hypothesized that this specific TBX-37/38 site may be
required for anterior expression in the ABa lineage. To test this, we tested the activity of
the proximal fragment with only the central two nucleotides of TBX418 mutated (Figure
20B, Figure 21B, E). This mutation resulted in a loss of robust anterior-biased expression
driven by the proximal fragment. Therefore, TBX-37 and TBX-38 bind to the ref-2 -3.9
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kb enhancer proximal fragment and TBX418 is necessary for it to drive robust anteriorbiased expression (Figures 5A; 7B, C, D; Figures 21B, C, D; 22), suggesting that TBX37 and TBX-38 directly regulate ref-2 expression.

Concatemerized TBX sites are sufficient to drive anterior-specific expression in the
ABa lineage

Given that tbx-37 and tbx-38 are expressed in both anterior and posterior cells within the
ABa lineage, we hypothesized that site TBX418 would be sufficient to drive broad
expression in ABa, with other sequences in the enhancer required for anterior specificity.
To test this, we tested the activity of synthetic enhancers comprising concatemerized
copies of TBX418 separated by either short (6-7 bp) or long (11-15 bp) flanking sequences
from its endogenous context (Figure 23A). Surprisingly, both of these reporters drove
anterior-specific expression in the ABa lineage similar to that driven by the full proximal
fragment (Figure 23B, C, D). This indicates that either TBX418 or its flanking sequences
are sufficient both for ABa lineage expression, and for anterior-specific expression within
this lineage. To test the possibility that the flanking sequences are responsible for
anterior-specificity, we scrambled those sequences while leaving the central TBX418 site
intact in the context of the long-flanking-sequence construct. The resulting reporter was
again expressed only in anterior sublineages similar to the full proximal fragment (Figure
23A, B, C, D). Thus, when multimerized, TBX418 is sufficient both for ABa expression
and for anterior specificity without additional non-overlapping sequences.
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Anteriorly-biased expression of concatemerized TBX sites is regulated by pop-1

ref-2 anterior-specific expression is dependent on pop-1 and sys-1, and a concatemerized
TBX-37/38 binding site recapitulates part of this expression. This raises the question of
whether the TBX-37/38 binding site expression is pop-1-dependent. To test this, we
examined the expression of the TBX418 concatemer with scrambled flanking regions after
pop-1 RNAi. Knockdown of pop-1 results in changes in the expression pattern, including
a significant decrease in anterior expression bias in the ABalap lineage and a significant
decrease in expression level in the ABalaa lineage (Figure 23E, F, G). We also tested the
expression effects of lit-1 RNAi, which causes an increase in nuclear POP-1 levels in
posterior cells (Huang et al., 2007; Lo et al., 2004; Rocheleau et al., 1999). Knockdown
of lit-1 results in a significant decrease in the anterior bias of the TBX418 concatemer
expression across several sublineages of ABa, including a significant increase in
expression in the ABalap lineage (Figure 23E, F, G). Some of these changes mirror the
fate transformations known to occur after pop-1 or lit-1 RNAi, but others, including the
increase in ABalap expression after lit-1 RNAi, do not (Kaletta et al., 1997; Lin et al.,
1998). Thus, our results indicate that either POP-1 or its targets influence both the lineage
specificity and anterior specificity of expression driven by TBX418.

Discussion

Our observation that five copies of a single 10 base-pair TBX-37/38 binding site are
sufficient to drive anterior-biased expression in the ABa lineage suggests that a POP-1
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site is likely unnecessary for anterior expression. However, tbx-37 and tbx-38 cannot
explain this anterior bias alone, as these factors are expressed throughout the ABa
lineage. We showed that pop-1 is required for both anterior expression and posterior
repression of the ref-2 promoter and for anterior expression of a TBX-37/38 binding site
concatemer. If this role of POP-1 is direct, it likely acts by binding to other factors,
possibly TBX-37 and TBX-38, rather than to DNA directly since the concatemer contains
no sequences with high affinity for POP-1. Consistent with this, TBX-38 and POP-1 were
previously found to physically interact with each other in a yeast 2-hybrid assay (Simonis
et al., 2009). Intriguingly, several other T-box factors are expressed early in the AB
lineage (Charest et al., 2020; Tintori et al., 2016); future work should determine if these
play a role in restricting the activity of these sites to anterior lineages. For instance,
TBX418 is predicted to be bound by several other C. elegans T-box factors. Other T-box
factors expressed in the early ABa lineage could compete for binding at this site, with
POP-1 altering the relative activity of these factors between anterior and posterior cells.
Additionally, it is unclear whether tbx-37 and tbx-38 also regulate posterior gene
expression in the ABa lineage; intriguingly, the expression of pha-4, another anterior
gene, in the ABa lineage is also dependent on tbx-37 and tbx-38 (Good et al., 2004).

In contrast with our observation that TBX418 concatemers are sufficient to drive anteriorbiased expression, Murgan et al. 2015 found that a REF-2 binding site concatemer is not
sufficient to drive expression in the anterior AIY mother cell. Instead, Murgan et al.
identified binding sites for helix-loop-helix family transcription factors that are sufficient
to drive expression in the AIY mother and its posterior sister cell, and that combining
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these with REF-2 binding sites restricts expression to the AIY mother. Thus, REF-2
acting through ZIC binding sites is not sufficient to activate expression without
cooperating factors binding other sites whereas TBX-37 and TBX-38 may be sufficient to
do so. Other factors could also play a role, for example we used a pes-10 minimal
promoter, whereas Murgan et al. did not include a minimal promoter in their constructs,
and there could be differences in sensitivity between the microscopy techniques (Murgan
et al., 2015).

Classic work in many species, including flies and vertebrates, has found that
developmental genes are often regulated both by partially redundant enhancers and
modular enhancers that are responsible for regulating distinct portions of the genes’
expression patterns (Epstein et al., 1999; Whiting et al., 1991). The extent to which C.
elegans genes are regulated by such distal enhancers vs promoter proximal elements has
been unclear. We found that the predicted enhancers in the promoter region of ref-2
function modularly, such that each enhancer drives different expression patterns,
presumably providing multiple inputs to fine-tune the expression pattern of ref-2.
Combined with other recent studies this adds to evidence that enhancer-mediated
regulation is widespread during C. elegans embryonic development (Chen et al., 2013;
Landmann et al., 2004; Murray et al., 2021; Serizay et al., 2020; Streit et al., 2002; Teng
et al., 2004). Additionally, we observe modularity within the -3.9 kb enhancer, with three
non-overlapping regions of the enhancer each sufficient to drive anterior-biased
expression. Since the protein reporter is expressed in more lineages than the promoter
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reporter, there are likely even more enhancers outside the promoter region that regulate
expression of ref-2.

Several studies have identified evidence for multiple functions of ref-2. ref-2 was first
identified as being required for the production of the Pn.p ventral epidermal cells and for
the inhibition of their fusion to the epidermal syncytium hyp7 (Alper and Kenyon, 2002).
ref-2 is also required for the initiation of the differentiation of the cholinergic neuron AIY
(Bertrand and Hobert, 2009). Also, ref-2 has been found to be required for female fate
during sexual development (Kuersten et al., 2004). We have demonstrated a role for ref-2
in embryonic development. ref-2 is required for robust WT cell positioning and cell
division timing in anterior lineages. Intriguingly, an insect ortholog of ref-2, odd-paired,
acts as a regulator of anterior-posterior expression and is an anterior determinant in
several species (Clark and Akam, 2016; Yoon et al., 2019), suggesting the function of
ref-2 in anterior fate regulation may be ancestral. Because the defects in cell position and
division timing are only partially penetrant, there are likely other, partially redundant
regulators of cell position and cell division timing that act with the sole C. elegans ZIC
homolog ref-2 during embryonic development. Further experiments, including suppressor
and enhancer screens and co-mutation of other transcription factors will need to be
performed to identify other factors that regulate cell position and division timing in
conjunction with ref-2.
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Potential differential requirements for tbx-37, tbx-38, and pop-1 among ABa
sublineages

In addition to what I have reported above, we have preliminary data that demonstrate that
the early anterior-biased ABa lineage expression of the TBX418 concatemer with
scrambled flanking regions is dependent on tbx-37 and tbx-38. Also, based on the
expression patterns of this concatemer following pop-1 or lit-1 RNAi, it appears that in
ABa sublineages descended from cells that did not receive a Notch signal (i.e. ABala and
ABarp), the anterior-biased expression of the concatemer is dependent on pop-1 for
expression activation. In ABa sublineages that did receive a Notch signal (i.e. ABalp and
ABara), the anterior-biased expression is dependent on pop-1 for repression in posterior
sublineages. Therefore, tbx-37 and tbx-38 are sufficient for TBX418 expression activation
in ABalp and ABara, but not in ABala and ABarp.

These observations suggest that posterior sublineages of non-Notch-signaled lineages
should not have a strong requirement for either tbx-37/tbx-38 or pop-1. This prediction
seems to be in agreement with the observation by Good et al. that double mutants for tbx37 and tbx-38 retain WT cell fates in the ABarppp lineage, whereas they exhibit multiple
cell fate changes in the ABarppa lineage (Good et al., 2004).
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Figure 11. ref-2 is required for proper division timing and positioning for many
embryonic cells that are descended from cells that express ref-2. A) Lineage tree
depicting the REF-2 protein expression pattern (top), and chart indicating the number of
embryos out of eight homozygous ref-2 mutant embryos that exhibit cell cycle defects
and position defects in indicated cell lineages. Yellow indicates lineages that express ref2 early, blue indicates lineages that express ref-2 late, and the overlap (green) indicates
both. A corresponding analysis of wild-type embryos gives 0-1 defects per cell in all of
17 embryos tested (Walton et al., 2015). B,C) Scatter plot of mean neighbor score vs
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mean position deviation of cells of 17 wild-type (B) and eight ref-2 mutant (C) embryos.
Neighbor score is the ratio of each cell’s distances to its ten closest wild-type neighbors
between mutant and wild-type embryos. Points representing cells are colored based on
WT REF-2::GFP expression levels (Walton et al., 2015). D) Plot of cell position
deviations with arrows starting at the average WT position of cells and pointing to the
average position in ref-2 mutants. Arrows are colored by the WT expression levels of
REF-2::GFP for each cell. The labeled cells (ABaraaaapa and ABaraaaapp) have the
greatest mean cell position deviations. E) ABaraa lineages of WT and ref-2 mutant
embryos, with cells expressing REF-2::GFP outlined on the WT tree. Two delayed and
three missed cell divisions are highlighted on the ref-2 mutant tree. F) ABaraaa lineage
with cells expressing REF-2::GFP outlined. The average position deviations in microns
of terminal sister cells are indicated on the terminal branches of the lineage tree. Three
dimensional projections of a WT and a ref-2 mutant embryo are shown with the positions
of the terminal ABaraaa lineage cells highlighted. ABaraaaapa and ABaraaaapp are
outlined in the WT embryo projection as the cells with the greatest mean position
deviation in the ref-2 mutant.
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Figure 12. Identification of ref-2 enhancers. A) Genome browser screenshot showing the
ref-2 locus on the X chromosome. Displayed tracks include the gene model, sequence
conservation among 26 Caenorhabditis species (Kent et al., 2002), ChIP-seq data for
TBX-37 and TBX-38 binding, and ATAC-seq data for cells in the ABa and ABp lineages
(Charest et al., 2020). Boxes indicate candidate enhancer regions as determined by
conservation. Below the genome browser screenshot are models of the fluorescent
reporter expression constructs we examined. B-H) Lineage trees showing the expression
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patterns of ref-2 protein (B), promoter (C), -3.9 kb enhancer reporter (D), promoter
lacking the -3.9 kb enhancer (E), -2.8 kb enhancer reporter (F), -1.6 kb enhancer reporter
(G), and promoter in the tbx-37 tbx-38 double mutant (H) as determined by time-lapse
confocal microscopy. Sublineages used in anteriority analyses are labeled in B and
underlined in black (anterior) and red (posterior) under each lineage tree. Sublineages
with transient early REF-2::EGFP (protein reporter) expression are underlined in yellow
under the lineage tree in B. Pn ventral epidermal cells are indicated with asterisks in
insets of panels B, C, and F. I) Example lineage showing which cells were included in
anteriority score analyses. Reporter expression levels were averaged across cells in the
anterior or posterior lineages for the indicated cell generations. J) Anteriority scores of
the ref-2 promoter, enhancers, and promoter lacking the -3.9 kb enhancer. Lineages used
for analysis are ABala, ABalaa, ABalap, ABalpa, ABalpp, ABaraa, ABarap, ABarpa, and
ABarpp (see Figure 12B). K) Full somatic lineage correlation (Spearman’s ρ) of each
reporter’s expression pattern with the mean expression pattern across embryos expressing
the promoter reporter.

92

Lineage-Specific Anteriority Scores
ref-2 Promoter and Promoter Lacking -3.9 kb Enhancer
ABala

ABalaa

ABalap

ref-2 promoter
ref-2 promoter
Δ -3.9 kb enhancer
-5

0

5

p < 0.001

p < 0.001

ns
10

15

-5

0

5

10

ABalpa

ABalpp

p < 0.001

p = 0.02

15

-5

0

5

10

15

10

15

10

15

ABaraa

ref-2 promoter
ref-2 promoter
Δ -3.9 kb enhancer
-5

0

5

10

15

-5

0

ABarap

5

p < 0.001
10

15

-5

0

ABarpa

5

ABarpp

ref-2 promoter
ref-2 promoter
Δ -3.9 kb enhancer
-5

0

5

ns

p < 0.001

p < 0.001
10

15

-5

0

5

10

15

-5

0

5

Figure 13. Deletion of the -3.9 kb enhancer from the ref-2 promoter causes a reduction in
the anterior bias in the expression driven by the promoter in most ABa sublineages in
which the full-length promoter drives anterior-biased expression. Box plots display
anteriority scores of lineages descended from indicated cells.
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Figure 14. Expression patterns driven by the ref-2 promoter, the -3.9 kb enhancer, and the
promoter lacking the -3.9 kb enhancer are somewhat variable. Displayed here are partial
lineages for all analyzed embryos bearing these reporters to show the variation in their
expression.
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Figure 15. Expression patterns driven by the ref-2 -1.6 kb enhancer are variable.
Displayed here are full lineages for all analyzed embryos bearing this reporter to show
the variation in its expression.
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Figure 16. A TBX-38::GFP CRISPR knock-in protein reporter has minimally anteriorbiased expression in the lineages in which the ref-2 promoter drives anterior-biased
expression. Displayed are partial lineages of the Pref-2::his-24::mCherry promoter
reporter expression and the TBX-38::GFP CRISPR knock-in expression. The box plot
shows the mean anteriority scores for the ref-2 promoter reporter and the TBX-38::GFP
CRISPR knock-in for the same lineages as in Figure 12J.
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Figure 17. tbx-37 and tbx-38 are required for ref-2 promoter-driven anterior-biased
expression in the ABa lineage. Displayed are partial lineages for the expression driven by
the ref-2 promoter in a WT background and in a tbx-37(tm314) tbx-38(tm581) double
mutant background. Also shown are box plots of anteriority scores and Spearman’s ρ for
each of these groups, indicating a loss of anterior bias and correlation to WT for the ref-2
promoter expression pattern in tbx-37 tbx-38 double mutant embryos. Lineages used to
determine anteriority scores are the same as in Figure 12J Spearman’s ρ analysis uses the
full ABa lineage expression pattern and was calculated relative to the ref-2 promoter in
the WT background.
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Figure 18. Three non-overlapping fragments of the -3.9 kb enhancer are each sufficient to
drive anterior-biased expression in the ABa lineage of the early embryo. A) Model of the
ref-2 -3.9 kb enhancer with predicted TBX-37/38 sites (cyan, predicted high affinity sites
indicated by thick line and predicted low-affinity by a thin line), and predicted high
affinity POP-1 sites (magenta). B) Expression patterns driven by full-length ref-2 -3.9 kb
enhancer and by minimal fragments. C-D) Box plots displaying the anteriority scores (C)
and Spearman’s ρ (D) for the full-length ref-2 -3.9 kb enhancer and minimal fragments.
Lineages used to determine anteriority scores are the same as in Figure 12J. Spearman’s ρ
analysis uses the full ABa lineage and was calculated relative to the mean expression of
the full-length -3.9 kb enhancer. A complete set of enhancer truncations tested is
displayed in Figure 19.
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Figure 19. Three non-overlapping fragments of the -3.9 kb enhancer are each sufficient to
drive anterior-biased expression in the ABa lineage of the early embryo. A) Model of the
ref-2 -3.9 kb enhancer with predicted TBX-37/38 and POP-1 sites indicated as in Figure
18. B) Expression patterns driven by full-length ref-2 -3.9 kb enhancer and by all tested
fragments. C-D) Box plots displaying the anteriority scores (C) and Spearman’s ρ (D) for
the full-length ref-2 -3.9 kb enhancer and all tested fragments. Lineages used to
determine anteriority scores are the same as in Figure 12J. Spearman’s ρ analysis uses the
full ABa lineage and was calculated relative to the full-length -3.9 kb enhancer.
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Figure 20. The ABa-expressed transcription factors tbx-37 and tbx-38 are required for the
anterior-biased expression of ref-2 in the ABa lineage. A) Model of the ref-2 -3.9 kb
enhancer with proximal fragment (base pairs 320-449) highlighted. Predicted TBX-37/38
and POP-1 sites are indicated as in Figure 18. B) Expression patterns driven by the WT
proximal fragment of the ref-2 -3.9 kb enhancer, with base pairs 410-424 scrambled, with
all predicted TBX-37/38 sites mutated, and TBX418 mutated. Expression driven by the
proximal fragment with additional regions scrambled or with two predicted POP-1 sites
mutated are displayed in Figure 21. C-D) Anteriority scores (C) and Spearman’s ρ (D) for
the WT proximal fragment, with base pairs 410-424 scrambled, with all predicted TBX37/38 sites mutated, and with TBX418 mutated. Lineages used to determine anteriority
scores are the same as in Figure 12J. Spearman’s ρ analysis uses the full ABa lineage and
was calculated relative to the mean expression of the WT -3.9 kb enhancer proximal
fragment.
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Figure 21. The broadly-expressed transcription factors tbx-37 and tbx-38 are required for
the anterior-biased expression of ref-2 in the ABa lineage. A) Model of the ref-2 -3.9 kb
enhancer with proximal fragment (base pairs 320-449) highlighted. Predicted TBX-37/38
and POP-1 sites are indicated as in Figure 18. B) Expression patterns driven by WT
proximal fragment of the ref-2 -3.9 kb enhancer, with each 15 base-pair segment of the
fragment scrambled, with all predicted TBX-37/38 sites mutated, with TBX418 mutated,
and with the two predicted POP-1 sites mutated. C-D) Box plots displaying the
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anteriority scores (C) and Spearman’s ρ (D) for the WT proximal fragment, with each 15
base-pair segment of the fragment scrambled, with all predicted TBX-37/38 sites
mutated, with TBX418 mutated, and with the two predicted POP-1 sites mutated. Lineages
used to determine anteriority scores are the same as in Figure 12J. Spearman’s ρ analysis
uses the full ABa lineage and was calculated relative to the WT proximal fragment. E)
Models of the proximal fragment of the ref-2 -3.9 kb enhancer with the WT sequence of
TBX418 and the mutated sequence used in the TBX418 mutant reporters. F) Expression
pattern driven by the seven-copy POP-1 site concatemer POPTOP (LaBonty et al., 2014;
Zacharias et al., 2015).
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Figure 22. ref-2 -3.9 kb enhancer WT proximal fragment, proximal fragment with all
TBX-37/38 sites mutated, and proximal fragment with TBX418 mutated exhibit variation
in their expression patterns. Displayed are partial lineages for all analyzed embryos
expressing reporters for the -3.9 kb enhancer WT proximal fragment, the ref-2 -3.9 kb
enhancer proximal fragment with base pairs 410-424 scrambled, the ref-2 -3.9 kb
enhancer proximal fragment with all TBX-37/38 sites mutated, and the ref-2 -3.9 kb
enhancer proximal fragment with TBX418 mutated to show the variation in the expression
pattern for each of these reporters.
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Figure 23. TBX418 in the ref-2 -3.9 kb enhancer is sufficient when concatemerized to drive
anterior-biased expression in the ABa lineage. A) Models of the proximal fragment of the
ref-2 -3.9 kb enhancer, the TBX418 seven-site concatemer with 6-7 base pair flanking
regions, the TBX418 five-site concatemer with 11-15 base pair flanking regions, and the
TBX418 five-site concatemer with 11-15 base pair scrambled flanking regions. B)
Expression patterns driven by the proximal fragment of the ref-2 -3.9 kb enhancer and
each TBX-37/38 site concatemer. C-D) Anteriority scores (C) and Spearman’s ρ (D) for
the proximal fragment of the ref-2 -3.9 kb enhancer and each TBX-37/38 binding site
concatemer. E) Expression patterns driven by the TBX418 five-site concatemer with 11-15
base pair scrambled flanking regions after pop-1 RNAi or lit-1 RNAi. F) Anteriority
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scores for the TBX418 five-site concatemer with 11-15 base pair scrambled flanking
regions in indicated lineages following indicated RNAi treatments. G) Quantification of
reporter expression for the TBX418 five-site concatemer with 11-15 base pair scrambled
flanking regions in the ABala lineage. Expression is shown under WT conditions and
following pop-1 or lit-1 RNAi. Lineages used to determine global anteriority scores are
the same as in Figure 12J. Spearman’s ρ analysis uses the full ABa lineage expression
pattern and was calculated relative to the WT proximal fragment.
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CHAPTER 5: CONCLUSIONS: FINDINGS AND OPEN QUESTIONS ABOUT
ANTERIOR GENE REGULATION

In this final chapter, I will discuss the major findings of my work, questions that they
raise, and potential future directions for the work.

Major conclusions

Major conclusions from my work include the following. Wnt pathway-dependent
regulation is common for early expressed anterior genes expressed in several lineages in
the C. elegans embryo (tbx-35 and ceh-51 in MS, irx-1 in ABp, elt-1 in C, and ref-2 in
ABa). This regulation of anterior genes mirrors the Wnt pathway’s well-studied role in
regulating posterior genes in a variety of contexts (Gomperts et al., 2009d; Zacharias et
al., 2015), demonstrating that Wnt pathway components carry out reciprocal roles in
activating and repressing both anterior and posterior genes in the proper contexts.

ref-2 anteriorly biased expression in the ABa lineage is dependent on an enhancer that is
approximately 3.9 kb upstream of its transcription start site. Three non-overlapping
regions of this enhancer are individually sufficient to drive anteriorly-biased expression
in the ABa lineage. This modularity within the enhancer may contribute to the robustness
in the expression pattern that the enhancer drives. This internal redundancy may perform
a similar function to the shadow enhancers found in various animals, which are two or
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more enhancers that regulate the same gene and drive similar expression patterns. This
redundancy may contribute to the robust expression of most developmental genes (Kvon
et al., 2021).

In the most proximal of these enhancer regions, which drives an expression pattern most
similar to the full promoter, we identified a binding site for TBX-37 and TBX-38
(TBX418) that is necessary for the anterior-biased expression of the enhancer region. Also,
tbx-37 and tbx-38 are necessary for the expression of ref-2 in the ABa lineage. TBX418,
when concatemerized, is sufficient to drive anterior-biased expression in the ABa lineage,
and this anterior-biased expression is dependent on pop-1. Since tbx-37 and tbx-38 are
required for ABa lineage fate, it is not surprising that they regulate ref-2 expression
(Good et al., 2004). What is intriguing is that the TBX418 site without a predicted binding
site for POP-1 is able to drive anterior-biased expression in ABa in a pop-1-dependent
manner. This observation suggests that POP-1 modulates the transcriptional regulatory
activity of TBX-37 and TBX-38 at TBX418 either directly or indirectly. POP-1 performs
this function without it or another transcription factor binding DNA directly in the
proximity of TBX418. This mode of regulation differs from that predicted for Wntmediated regulation of anterior genes by a posteriorly-expressed transcriptional repressor.
This model is predicted to involve the repressor binding DNA directly in the cis
regulatory regions of anterior genes (Maduro et al., 2005b; Owraghi et al., 2010). The
mode of regulation I observe here is consistent with that identified for POP-1 directly
regulating ttx-3 through an interaction with REF-2 (Murgan et al., 2015). Thus, tbx37/tbx-38 regulation of ref-2 may represent another example of POP-1-dependent
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regulation of an anterior gene through a physical interaction with another transcription
factor at the binding site of the other transcription factor.

Future directions

My work leaves open several questions to be addressed by future work. Two high-level
questions are the following: What is the mechanism of the pop-1-dependent anterior
expression regulation that we observe? Also, what are the roles of tbx-37, tbx-38, and ref2 in lineage specification?

To identify the mechanism of the pop-1-dependent expression regulation, the following
open questions need to be addressed.

1) Is TBX418 anterior-biased expression dependent on its being a sub-optimal site for
TBX-37 and TBX-38, such that POP-1 modulates the affinity of TBX-37 and TBX-38 for
the site? To address this question, we would test the expression pattern driven by
concatemers of an optimal TBX-37/TBX-38 site (Narasimhan et al., 2015). If the
anterior-biased expression is dependent on a suboptimal binding site, we would expect
the optimal site concatemer to be expressed throughout the ABa lineage without anterior
bias.

2) Is the predicted TBX-37/38 site necessary for the TBX418 concatemer to drive anteriorbiased expression? To address this question, we would test the expression pattern driven
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by concatemers of TBX418 with the central two nucleotides mutated in each site. If the
anterior-biased expression is dependent on the predicted TBX-37/38 site, mutating the
site should result in a loss of ABa lineage expression.

3) Is the posterior derepression of TBX418 concatemer expression after pop-1 or lit-1
RNAi dependent on tbx-37 and tbx-38? To address this question, we would test the
expression pattern driven by concatemers of TBX418 in double mutants of tbx-37 and tbx38 following either pop-1 or lit-1 RNAi. If tbx-37 and tbx-38 are necessary for this
derepression, we should not observe it in tbx-37 tbx-38 double mutants.

4) A possible model for the pop-1-dependent anterior-biased expression is that TBX-37
and/or TBX-38 bind in complex with POP-1 at their binding site to regulate expression.
Therefore, an important question is whether a physical interaction between TBX37/TBX-38 and POP-1 is required for the anterior-biased expression of ref-2 and the
TBX418 concatemer in the ABa lineage. It is known that TBX-38 and POP-1 interact in a
yeast two-hybrid assay (Reece-Hoyes et al., 2013; Simonis et al., 2009); however, the
binding surfaces of this interaction have not been reported. To address this question, we
would use AlphaFold to identify binding surfaces of TBX-38 and POP-1 (Jumper et al.,
2021; Varadi et al., 2022). We would then mutate amino acids in the binding surface of
TBX-38 and test the ability of the mutated protein to interact with POP-1 by yeast twohybrid assay. We would test the ability of the binding surface mutant tbx-38 to rescue the
lethality of tbx-37 tbx-38 double null mutant embryos by transforming the binding
surface mutant tbx-38 into balanced double null mutant worms as an extrachromosomal
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array by microinjection. We would test for the ability of the tbx-38 binding surface
mutant to activate anterior expression of ref-2 or the TBX418 concatemer by either
crossing the balanced double null mutant worms bearing the binding surface mutant tbx38 array to a strain bearing the ref-2 promoter reporter or by co-injecting the tbx-38
binding surface mutant with the TBX418 concatemer reporter into balanced tbx-37 tbx-38
double null mutant worms.

5) What is the role of TBX418 in regulating ref-2 expression in its endogenous context? To
address this question, we would mutate TBX418 using CRISPR-Cas9. We would test the
effect of this mutation on ref-2 expression using single molecule RNA- fluorescence in
situ hybridization (smRNA-FISH) to compare ref-2 mRNA levels in WT and mutant
embryos.

6) If TBX-37 and TBX-38 regulate the anterior-biased expression of ref-2 through a
direct physical interaction with POP-1, is this a general mechanism by which other T-box
factors regulate anterior-biased expression? tbx-9 is known to regulate the anterior-biased
expression of elt-1 in the lineages descended from the anterior C granddaughters Caa and
Cpa (Yanai et al., 2008). I have shown that pop-1 also regulates this expression. TBX-9
and POP-1 have also been shown to physically interact by yeast two-hybrid analysis
(Reece-Hoyes et al., 2013). To probe whether physical interaction between POP-1 and Tbox factors generally regulate anterior gene expression, we could examine tbx-9
regulation of elt-1 similarly to how we have examined tbx-37 and tbx-38 regulation of
ref-2. If TBX-9 sites drive anterior-biased expression in the C lineage in a pop-1112

dependent manner, we could, as I have proposed for tbx-38 and pop-1, identify and
mutate amino acids in the binding surfaces of either pop-1 or tbx-9 and examine the
effects of these perturbations on the expression of elt-1.

7) Do direct regulation by pop-1 and indirect regulation by Wnt-dependent transcriptional
repressors cooperate to regulate the expression of anterior genes? elt-1, an epidermal fatespecifying transcription factor expressed in the anterior granddaughter sublineages of C
(Caa and Cpa) is thought to be repressed in the posterior granddaughter sublineages of C
(Cap and Cpp) by the myogenic regulatory factors (MRFs) hlh-1, hnd-1, and unc-120, all
of which are thought to be regulated by pop-1 (Fukushige and Krause, 2005; Yanai et al.,
2008). However double RNAi of hlh-1 and unc-120 does not cause elt-1 to be ectopically
expressed in the posterior C granddaughter lineages (Yanai et al., 2008). Also, loss of all
three MRFs fails to result in the posterior C lineage granddaughters taking on an
epidermal fate (Fukushige et al., 2006). I found that, although pop-1 RNAi causes a loss
of elt-1 expression in Caa and Cpa lineages, neither pop-1 nor sys-1 RNAi results in a
gain of elt-1 expression in Cap and Cpp lineages. These observations raise the question of
whether elt-1 posterior repression is dependent on both direct regulation by pop-1 and
sys-1 and by indirect Wnt-dependent regulation through the MRFs. To address this
question, we would test the expression of elt-1 in triple mutants of hlh-1, hnd-1, and unc120 following pop-1 or sys-1 RNAi. If elt-1 is repressed both by MRFs and directly by
pop-1 and sys-1, we should observe ectopic expression of elt-1 in the posterior C
granddaughter sublineages. We could use a similar approach to determine if other
anterior-biased genes are repressed in posterior lineages both by direct regulation by pop113

1 and sys-1 and by indirect Wnt-dependent regulation through Wnt targets that are
posteriorly-expressed transcriptional repressors.

A second major outstanding question is what are the roles of tbx-37, tbx-38, and ref-2 in
lineage specification? To address this major question, we would address the following
open questions.

1) Do tbx-37 tbx-38 double mutants have defects preferentially in anterior cells? As I
discussed above, my work would predict that the posterior sublineages descended from
non-Notch-signaled ABa granddaughters (ABala and ABarp) would have a lesser
requirement for tbx-37, tbx-38, and pop-1 than other sublineages of ABa, and Good et al.
found that ABarppp-descended cells in tbx-37 tbx-38 double mutants retain WT fate,
while ABarppa-descended cells exhibit fate changes. To address this question, we would
compare cell division times and cell positions in WT and tbx-37 tbx-38 double mutant
embryos to determine if the mutants have more defects in anterior ABa sublineages than
in posterior ABa sublineages.

2) Do tbx-37 and tbx-38 regulate posterior expression in the ABa lineage? The possibility
that tbx-37 and tbx-38 are not strongly required for WT fate in posterior ABa sublineages,
suggests that they may not be very important for the regulation of posterior genes in ABa.
To address this question, we would examine the effects of mutating tbx-37 and tbx-38 on
genes expressed posteriorly in the ABa lineage, such as ceh-13, ceh-43, or ets-7. If tbx-37
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and tbx-38 do regulate expression of ABa lineage posterior genes, we would expect their
expression to be lost in tbx-37 tbx-38 double mutants.

3) Do conserved regions in introns of ref-2 have enhancer function? In particular, does
the region with TBX-37 and TBX-38 ChIP-seq peaks spanning exons 5 and 6 have
enhancer function (Charest et al., 2020)? To test this, we would test the expression driven
by enhancer-reporters of these regions. If these regions do have enhancer function, we
would expect them to drive expression.

4) What is the role of Notch in regulating ref-2 expression? In the lineages descended
from the Notch-signaled ABa granddaughters (ABalp and ABara), pop-1 RNAi results in
ectopic expression of ref-2 in posterior sublineages. This is similar to the effect of pop-1
RNAi on expression driven by a TBX418 concatemer. Is this posterior ectopic expression
dependent on Notch? To address these questions, we would perform pop-1 RNAi in glp1/Notch mutant embryos expressing a ref-2 reporter. If posterior ectopic expression of
ref-2 in ABalp and ABara lineages following pop-1 RNAi is dependent on Notch, we
would not expect to observe this expression in glp-1 mutant embryos.

Thesis summary

Cell signaling pathways play important roles in regulating cell fate and gene expression
in a variety of contexts in animal development and homeostasis. One of these pathways,
the Wnt pathway, is essential for the patterning of the anterior-posterior axis in all
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bilaterian animals. The mechanisms by which posteriorly-sourced Wnt ligands activate
the Wnt pathway in posterior cells, and thereby induce the expression of posterior genes
have been well-studied. The same is true for the mechanisms by which these genes are
repressed in unsignaled anterior cells. What has been less well-studied are the
mechanisms by which anterior genes are regulated, being expressed in cells with the Wnt
pathway off and not expressed in cells with the Wnt pathway on. My thesis work has
shed light on the regulation of anterior genes by demonstrating that early embryonic
anterior genes expressed in several lineages of the C. elegans embryo are regulated by
Wnt pathway components. Therefore, regulation by the Wnt pathway may be common
for anterior genes. I have also shown that a lineage-restricted transcription factor can
cooperate with the broadly-expressed Wnt pathway components to regulate anterior gene
expression, thus providing lineage specificity for this regulation. My work provides a
foundation upon which future studies can build to uncover the mechanisms by which Wnt
pathway-dependent regulation of anterior genes functions and how widely used these
mechanisms are.
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APPENDICES

APPENDIX A: COLLABORATIVE PROJECTS
In this appendix, I briefly discuss some collaborative work in which I have participated.
The first was an attempt to identify a developmental phenotype for a triple knockout of
fkh-3, fkh-4, and fkh-5. These closely-related paralogous Forkhead family transcription
factors are expressed in all cells of the early embryo, yet no developmental phenotype has
been observed following triple RNAi knockdown of these genes (Hope et al., 2003;
Sarov et al., 2012). The second was a study that identified a role for the lineally posterior
transcription factor unc-130 in regulating glial cell type differentiation in one out of three
convergent lineages that produce the same glial cell type (Mizeracka et al., 2021). The
third was a study that identified a role for the anterior Hox gene ceh-13 and elt-1/GATA
in the expression activation of the posterior Hox genes nob-1 and php-3. It should be
noted that although ceh-13 is an anterior Hox gene it is expressed in a lineally posterior
pattern, as are nob-1 and php-3 (Murray et al., 2021).
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Other connections between cell lineage and fate specification

Do three paralogous transcription factors expressed in all cells for a few cell cycles in
the early embryo regulate embryonic development?

The closely-related paralogous Forkhead family transcription factors fkh-3, fkh-4, and
fkh-5, are expressed in all cells of the early embryo after they have undergone five cell
divisions (four for the EMS lineage). Subsequently, expression is turned off, and protein
levels return to background levels within about two cell cycles (Sarov et al., 2012). This
expression pattern suggests that fkh-3, fkh-4, and fkh-5 may function in developmental
timing, perhaps to regulate embryo-wide processes that occur at this stage of
development. No developmental phenotype, however, is observed following triple RNAi
knockdown of these genes (Hope et al., 2003). Since simultaneous RNAi for multiple
genes can result in a less potent knockdown (Kamath et al., 2000), we decided to test for
a developmental effect of loss of fkh-3, fkh-4, and fkh-5 by producing triple mutant
knockout worms with all three genes mutated. Since fkh-3 and fkh-4 are adjacent to each
other on the X chromosome, I used CRISPR-Cas9 to delete both genes simultaneously. I
microinjected DNA encoding Cas9 and two single guide RNAs that targeted sites that
flanked fkh-3 and fkh-4 into the gonads of young adult worms. I checked for deletion of
these genes by single worm PCR. Once I produced a strain with a homozygous deletion
of fkh-3 and fkh-4, a lab mate crossed this double mutant strain with a strain that is
mutant for fkh-5. These worms were imaged and lineaged to look for developmental
phenotypes, but none were found.
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Since no developmental phenotype was identified, I performed a preliminary fertility
assay on this strain to test for fertility defects. For this experiment, I singled WT and
triple mutant hermaphrodite L4 larvae and moved them to new plates each day for a few
days. Each day I counted the number of eggs each worm had laid over the previous day.
Early in adulthood, mutant worms laid more eggs than did WT worms. Although, after
initially laying eggs at a higher rate, mutant worms reduced the number of eggs they laid
each day at an earlier time point than did WT worms. This mild phenotype has not been
confirmed by rescue. An effect on fertility, however, would be consistent with the known
role of fkh-3, fkh-4, and fkh-5 in regulating the expression of 21U-RNAs, which have
important roles in gametogenesis and transposon control (Cecere et al., 2012).

Since a developmental phenotype has not yet been observed for the triple mutant under
standard growth conditions, it raises the question of whether fkh-3, fkh-4, and fkh-5 may
function to aid in robustness against environmental stresses. An experiment that we could
perform to test for a loss in developmental robustness would be to raise WT and triple
mutant worms at either 20 or 25°C and image embryos at either higher or lower
temperatures. Then we would look for cell cycle and cell position defects to compare the
frequency of such defects in each strain under each treatment.
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How does a lineage-specific transcription factor regulate convergent differentiation?

Several cells with the same terminal fate arise from distinct lineages in the C. elegans
embryo. By this process, known as convergent differentiation, different cells arising from
different lineages are specified by different lineage-specific transcription factors, but
terminally adopt the same cell fates and have identical or nearly identical transcriptomes.
The lineally posteriorly-expressed Forkhead family transcription factor unc-130 is
required in one of three convergent lineages (from each left or right set) to produce the
same glial cell type, the inner labial socket (ILso). More specifically, unc-130 is required
for the dorsal ILso (ILsoD), arising from either the ABplaapa or ABpraapa lineages, to
take on its appropriate fate. unc-130 is not required for the lateral ILso (ILsoL/R), arising
from ABalaaapa or ABalaaapp lineages, or for the ventral ILso (ILsoV), arising from
ABalppapa or ABarappa lineages, to take on their appropriate fates. UNC-130 is required
in several lineages for the proper specification of lineage-related cell types. UNC-130
was determined to function as a transcriptional repressor by fusing the DNA binding
domain (DBD) of UNC-130 to the Drosophila Engrailed domain, a well characterized
transcriptional repressor. While worms expressing the UNC-130 DBD alone in unc-130
mutants exhibit the mutant phenotype of having no ILsoD, expression of the UNC-130
DBD::Engrailed domain fusion partially rescues this phenotype. Therefore, UNC-130
appears to function in some lineages, including the ones giving rise to ILsoD, to prevent
cells from taking on an incorrect lineage-related cell type, thus permitting them to adopt
their proper terminal cell type (Mizeracka et al., 2021). UNC-130 has been shown to
physically interact with POP-1 by yeast two-hybrid analysis, so it is possible that UNC120

130 interacts with POP-1 to carry out its repressive function (Reece-Hoyes et al., 2013;
Simonis et al., 2009). We sought to determine the identity that the ILsoD cells take on in
unc-130 mutants (Mizeracka et al., 2021). I contributed to this work by testing whether
the ILsoD cells took on neuron or AMsh fate in unc-130 mutants. I did this by imaging
WT and unc-130 mutant embryos expressing reporter genes either for neurons (unc-86)
or amphid sheath (AMsh) (lin-48).

How is the lineally posterior embryonic expression of nob-1 regulated?

As discussed in Chapter 1, the Hox transcription factors play important roles in regulating
position identity along the anterior-posterior axis across all bilateria. In the C. elegans
larva, as in other animals, the Hox genes pattern position-specific structures along the
anterior-posterior axis (Ferreira et al., 1999; Wang et al., 1993). At this stage, the Hox
genes exhibit posterior dominance, as has been found in other species (Van Auken et al.,
2002). This means that posterior Hox genes repress the expression of more anterior Hox
genes. In embryonic development at pre-gastrulation, ceh-13 is expressed in a lineally
posterior pattern in ABa, ABp, and E lineages. About two cell cycles after the onset of
ceh-13 (1 for E), nob-1 is expressed in the same cells as ceh-13 in the ABp and E
lineages. These observations led us to ask whether ceh-13 regulates the expression of
nob-1. In fact, Hox binding sites in one identified nob-1 enhancer are necessary for the
enhancer to drive expression in a nob-1-like expression pattern in the ABp lineage. Also,
the nob-1 promoter has decreased expression levels in ceh-13 mutant embryos. Thus, the
anterior Hox gene ceh-13 activates the expression of the posterior Hox genes nob-1 and
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php-3 during embryonic development. To our knowledge, this is the first recorded
example of an anterior Hox gene regulating the expression of posterior Hox genes. We
also found that elt-1/GATA regulates nob-1 expression, as GATA sites are necessary for a
nob-1 enhancer to drive expression. I contributed to this work by making some of the
enhancer-reporter constructs used in the study and by imaging embryos that were mutant
for either ceh-13 or nob-1 to permit us to determine the cell division timing defects and
cell position defects caused by these mutations (Murray et al., 2021).
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APPENDIX B: SUPPLEMENTARY FILES
Figure 8 full resolution images
Table 1. Caenorhabditis elegans strain list
Table 2. Escherichia coli strain list
Table 3. Quantitative analysis raw data
Table 4. Anterior gene summary expression data
Table 5. Recombinant DNA list
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